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ABSTRACT
Polyacrylamide (PAAm) hydrogels were synthesised chemically prior to
the preparation of hydrogel and PPy blends. P A A m hydrogel was used
as a matrix to grow polypyrrole electrochemically in the three
dimensional structure. The redox nature of the blends was studied using
electrochemical

(EC)

chronoamperometry,

methods

such

as

cyclic

chronopotentiometry.

The

voltammetry,
effect

of

electropolymerisation time, m o n o m e r concentration and dopant size on
the preparation of the hydrogel and PPy blend has been investigated. It
was found that electropolymerisation time and m o n o m e r concentration
affected the growth of polypyrrole in the hydrogel network. It was also
observed that smaller dopants (N0 3 ~) can easily be incorporated into the
polypyrrole within the hydrogel network during electropolymerisation.
Incorporation of polypyrrole into the hydrogel network did not
significantly affect the physical properties such as equilibrium water
content, de/rehydration behaviour and amount of bound water.

Multifunctional polyelectrolytes based on 2-acrylamido-1 -methyl-1propane sulfonic acid ( A M P S ) , a polyelectrolyte with low critical
solution temperature (LCST), and a polyelectrolyte containing carboxy
groups,

were

synthesised

and

used

as

dopants

during

electropolymerisation of pyrrole. Polypyrrole doped with these
polyelectrolytes was prepared potentiostactically and investigated using
conventional E C methods. It was found that the chemical composition
of the polyelectrolytes significantly affected the polymer formation.
With higher A M P S ratio in the polyelectrolytes, deposition potentials
decreased. Polypyrrole doped with these polyelectrolytes exhibited

IV
redox properties typical of polypyrrole and had high water content. The
properties of the resultant polymer films did not vary significantly with
temperature. Adhesion of the conducting polymer films to metal
substrates was found to be dependant on the carboxy content of the
polyelectrolyte.

The production of conducting polymer within processable hydrogel
blends for large scale coating operations was investigated in a
qualitative manner. Firstly, a multiblock copolymer consisting of P E O
(polyethylene oxide) and e-caprolactone was synthesised for the
preparation of soluble hydrogel/conducting polymer blends. Secondly,
thermal crosslinking of a viscous mixture of poly(acrylic acid) and a
glycol compound
colloids

was

("polyester hydrogel)" containing

carried

electropolymerisation

of

out.

Thirdly,

acrylamide

and

polypyrrole

simultaneous

cathodic

electrocoagulation

of

conducting polymer colloids was conducted to form a conducting
polymer/hydrogel blend on the cathode surface. It was found that the
concentration of conducting polymer in the hydrogels

significantly

affected the electrochemical and physical properties of the blends. A n
increased concentration of conducting polymer in the hydrogels resulted
in good

electroactivity and conductivity, but poor

mechanical

properties.

A potential industrial application of the processable hydrogel and
polypyrrole blends was investigated. The potentiodynamic technique
was used to assess the corrosion protection capabilities of polymer
coatings on aluminum. It was found that that the poly(acrylamide)
hydrogel/PPy blend provided some corrosion resistance to aluminium.

V
The level provided depended on the counterion used for the oxidation of
polypyrrole. However, the other hydrogel/conducting polymer blend
had insignificant effect on anodic corrosion protection of aluminium.
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ABBREVIATIONS
A

doping anion

Ag/AgCl

silver and silver chloride reference electrode

ASTM

American Sandard Test Method

CB

conducting band

Cone.

concentrated

CEP

conducting electroactive polymer

CV

cyclic voltammetry or cyclic voltammogram

dQ(t)

charge consumed

DSC

differential scanning calorimetry
electron

E

potential (V)
corrosion potential (V)

AEp

potential difference (V)

ECP

electrochemical polymerisation

Eg

bandgap or energy gap (eV)

E

anodic peak potential (V)

Ep(c)

cathodic peak potential (V)

EWC

equilibrium water content (%)

p(a)

Faraday constant (Cmol"1)
current (A)

icorr

corrosion current density (mA/cm 2 )

ip(a) anodic peak current (A)
ip(c) cathodic peak current (A)
J Joule
L length (cm)
LCST lower critical solution temperature
M+ cation
Mwt molecular weight (g)
n number of electrons
PAAm polyacrylamide
PE polyelectrolyte
PEO polyethylene oxide
PPy polypyrrole
PSS polystylene sulfonate
PTS p-toluene sulphonic acid sodium salt
PU polyurethane
PVA poly(vinyl alcohol)
PVC poly(vinyl chloride)
R gas constant
SA surface area
T temperatrure
ultraviolet

electrical voltage (V)
scan rate (mV/sec) or volume (ml)
valence band
width (cm)
weight per weight percentage
weight per volume percentage
surface resistivity (Q cm)
surface conductivity (S cm"1)
grade number
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CHAPTER 1

CHAPTER 1
GENERAL INTRODUCTION

1. THE DEVELOPMENT
POLYMERS - GENERAL

OF

CONDUCTING

Conducting polymers are materials capable of being doped or de-doped
resulting in changes to their electrical properties. These materials have
been made with conductivities from IO"10 to IO3 S cm"1, that is with
properties from insulating through semiconducting to metallic.
However, the materials are unstable in air, difficult to process into
useful forms and have poor mechanical properties, particularly when
doped. Conducting polymers have attracted intense interest from many
scientists around the world for the last few decades since polyacetylene
with unique electrical properties was chemically synthesised by the
effort of Shirakawa et al1'2. rra^-polyacetylene has a conductivity of
IO"5 S cm"1, in the range of semiconductors like silicon. It was found that
the conductivity could be increased to 500 S cm"1 by doping with
greater than 1% of iodine, AsF5 or other Lewis acids. There is a great
deal of both theoretical and application oriented work being done with
conducting polymers. To increase stability and improve mechanical
properties, many other conducting polymers with conjugated double

1
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bond systems have been prepared with improved performance ;
including

polypyrrole,

polythiopene,

polyaniline,

and

poly(phenylenevinylene) (Figure 1.1). However, they are mostly
insoluble and oxygen sensitive when synthesised. Accordingly, the
development of processable and stable conducting polymers has become
important.

vvvvvv\
Polyacetylene

a p\

a f\

Polypyrrole

Polythiophene

Polyaniline

Poly(phenylenevinylene)

Figure 1.1. Chemical structure of some polymers which become
electrically conducting after doping. An
extended domain of conjugated double bonds.

2
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CHAPTER 1
A number of applications for commercialisation have been proposed
and more intensive studies and more development of conducting
polymers are being carried out. Even though there are still problems in
optimising the combination of light weight, processability, and
electronic/electrical properties , currently the applications proposed are
as follows:
(1) Microelectronic circuitry, semiconducting diodes3'4.
(2) Sensors5'6.
(3) Battery electrodes7'8.
(4) Solar cells9.
(5) Electrostatic dissipation10.
(6) Electromagnetic (EMI) shielding11.

1.1 POLYPYRROLE (PPy)
Polypyrrole (PPy) is the most intensively investigated conducting
polymer owing to its high stability12 and ease of tailoring13 to prepare
functionalized polypyrrole. Daill'Olio et al in 1968 obtained a powdery
precipitate by electrochemical polymerisation14 that had a conductivity
of 8 Scm"1. The breakthrough, which has led to the proliferation of
electrochemical polymerisation processes as a major synthetic route to
conducting polymers, came in 1979 when Diaz et al produced coherent
films of polypyrrole15'16. Four-probe electrical conductivity
3
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measurements showed the films had a conductivity of 10-100 S cm"1
Thermopower measurements demonstrated that the polymers were p-

doped17. The small room temperature value and linear dependence of
thermopower down to -243 °C indicated a metallic nature to the

conductivity. The films were stable in air and were heated to 250

with virtually no loss in conductivity. Polypyrrole and a wide ra
its derivatives may be prepared by chemical18 or electrochemical
methods15'19'20.

1.1.1 CHEMICAL SYNTHESIS OF POLYPYRROLE

Polypyrrole can be prepared as a powder using oxidative polymeris
of the monomers by chemical oxidants in aqueous or non-aqueous

solvents13'21"24 or chemical vapour deposition25. Copolymerisation wi

non-conducting thermoplastics19'26 were also investigated for impro

the properties and processability of conducting polymers. In princ

the polymerisation involves mixing the pyrrole monomer with a var
of oxidants such as FeCl3, Cu(N03)2. AgN03 and K2S208. The chemical

polymerisation of pyrrole appears to be a general and useful tool

preparation of conductive composites27'28 and dispersed particles i

aqueous media29'30. Iron (III) chloride has been found to be the be
chemical oxidant and water is the best solvent for chemical

polymerisation with respect to desirable conductivity characterist

4
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The overall stoichiometry resulting from chemical polymerisation of
PPy with ferric chloride oxidant is shown in Equation 1.1

n (/
N

J)

+

2.33nFeCl3

H
+ 0.33n FeCl2 + HCl
(1.1)
The optimum initial mole ratio of Fe(III)/Pyrrole for polymerisation by
aqueous iron (III) chloride solution at 19°C has been found to be
2.3313'31.
During chemical polymerisation of pyrrole, electroneutrality of the
polymer matrix is maintained by incorporation of anions from the
reaction solution. These counterions are usually the anion of the
chemical oxidant. For example, when FeCl3 is used as the oxidant, CI"
ion is incorporated as counterion.

It has been found that factors such as solvent, reaction temperature,
time, nature and concentration of the oxidising agent, and nature of the
dopant, influence the final conductivity of the polypyrrole32'33. However,
the range of counterions that can be incorporated into polypyrrole using
the chemical approach is limited

5
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1.1.2 ELECTROCHEMICAL METHODS FOR POLYPYRROLE
SYNTHESIS
Pyrrole

can be oxidised

by galvanostatic, potentiostatic and

potentiodynamic techniques in aqueous or organic solution34'35. It has
been

shown

that the electrochemical method

is versatile and

advantageous because the preparation and property of conducting
polymers can be simply controlled by varying reaction conditions such
as the counterion to be incorporated. Consequently, a large number of
PPy's

have

been

synthesised

using

electrochemical routes36'37.

Electrochemically doped polypyrrole has been the subject of extensive
study over the last few decades38"40. There is a great deal of interest in
electrochemical polymerisation since the method has unique advantages
as follows:
(1) Reactions are carried out at room temperature.
(2) Thickness of the films can be controlled by varying the charge
passed.
(3) Polymer films are directly formed at the electrode surface.
(4) It is possible to produce homogeneous films.
(5) Doping of the polymer can be achieved simultaneously with
growth.
(6) It is possible to obtain copolymers.

6
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Using the electrochemical method, the monomer is first dissolved in a
salt solution (where the electrolyte is slightly dissociated and which is
slightly acidic) with low nucleophilicity and solution resistance.
Application of a suitable potential initiates the polymerisation reaction.
The oxidation potential can be easily controlled and therefore the
quality of the polymer can be tailored. Since the solubility of pyrrole
monomer is good in a wide range of solvents, polypyrrole can be
obtained in both aqueous and non-aqueous solvents41'42

Although the polymerisation reaction is complicated, the generally
accepted mechanism is that in the first step the neutral monomer is
oxidised to a radical cation followed by aromatisation and oxidation of
the dimer. As the dimer, on account of its greater conjugation, is more
easily oxidised than the monomer under the given experimental
conditions, it is immediately reoxidised to the cation. Since the
polymerisation reaction proceeds only when the potential is sufficiently
high to oxidise the monomer, the coupling reaction must involve the
coupling of two radical cations. The illustration of the most commonly
recognised mechanism is given in Equation 1.2

7
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Adsorption onto
electrode

o
N
H

(a)

Q—,CX— O

(1.2)
Equation 1.2. Mechanism for polypyrrole formation.
(a) Oxidation of monomer, (b) Radical-radical coupling, (c) Radicalmonomer, (d) Oxidation of dimer radical, (e) Aromatisation. (f)
Propagation to form polymer.

Preparation of conducting polymers electrochemically is a complex
process and the yield and quality of the resulting polymer films are
affected by

various factors such

as counterions43'44, solvent45,

8
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electrode46'47, applied potential40, temperature48'49, and pH50 . The
charged polymer must contain anions to give charge balance and the
formation of the PPy film in the oxidised state requires anion as well as
electrons to move through the film40.

It has been known that the structure of polypyrrole is composed of

linear chains of planar pyrrole rings linked in the ot,ot' - position (-2 and
-5) with approximately one in three to four rings carrying a positive
charge . However, some structural disorder was confirmed by X-ray
photoelectron spectroscopy (XPS)35, C13 N.M.R.51. and X-raydiffraction52. That is, a significant number of the units are coupled
through the ot-f3 and P-p cross linkages, the less desirable 3,4 or 2,3
coupling contributes to the formation of soluble oligomers, reduces the
conjugation length and lowers the conductivity. Polypyrrole with
disordered structure is depicted in Figure 1.2

9
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Figure 1.2. Polypyrrole with disordered structure.

1.1.3 PROPERTIES AND CHARACTERISATION OF
POLYPYRROLE
The properties of the films produced and also the detailed mechanism of
their formation are a function of the conditions used for the synthesis,
(e.g. potential, charge, p H , anion, temperature40"50). T h e anion
(counterion) incorporated into the polymer during synthesis has the
greatest influence on the general properties of the polymer. The effect of
the counterion of the electrolyte used for electropolymerisation on the

10
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properties of the polymer has been widely discussed in the literature
55

The counterion's size56, mobility57 and charge density58 are all crucial in
determining the properties of the resultant polymer such as
conductivity59 and density60. Diaz et al reported that the counter ion has
been found to affect the electrical, electrochemical and mechanical
properties55'61. Street and his coworkers have investigated the effects of
variation in the type and concentration of anion in the electrolyte used
in the electrochemical synthesis of conducting polymer38.

In considering the effect of solvent it has been found that traces of water
in the organic solvent (e.g. CH3CN) have a substantial influence on the
polymerisation processes and the structure of the films prepared62'63.
Diaz and Hall64 have shown that the nature of the cosolvent used in the
electrochemical preparation of polypyrrole strongly influences both the
conductivity and the different mechanical properties, such as Young's
modulus in tensile strength test.

Temperature is also an important variable in determining the
mechanical properties of the resulting polymer65. The electrical
conductivity and the surface morphology of the polypyrrole produced
11
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are also affected by synthesis temperature66'67. Polypyrrole synthesised
at lower temperature exhibits longer conjugation length, structural
order, fewer structural defects, and higher conductivity. Inoue and
Yamase found that at room temperature the polymerisation gives a
brittle, fibrillar structure while at 40°C the same conditions give a
smooth, dense, flexible polymer68.

The substrate electrode material is another factor which affects the
properties of deposited PPy film, particularly the adhesion of the film to
the substrate. It has been shown that PPy films can be
electropolymerised on a wide range of metal electrodes. Polymerisation
on platinum and glassy carbon electrodes produces more adherent films
than on indium tin oxide or single crystal n-type silicon69, while no
polymerisation seems to occur70 on aluminium, indium, silver and iron.

Polymerisation and electrochemical properties of polypyrrole can be
characterised by various techniques such as XPS71, solid state and
carbon13 nuclear magnetic resonance72'73, infrared spectroscopy74, cyclic
voltammetry75'76, potentiometry77, chronoamperometry78, and impedance
analysis79'80. Physical properties have been investigated by scanning
electron microscopy (SEM)81, four point probe for conductivity82'83,
tensile strength analysis84 and permeability measurement85. The
12
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developed characterisation technique and information obtained are
summarised in Table 1.1

Table 1.1. Characterisation of conducting polymers.
Characterisation techniques

Information obtained

Cyclic voltammetry
Potentiometry
Amperometry

polymerisation mechanism,
electrochemical properties

EQCM
Impedence analysis
Elemental analysis

NMR
XPS
R a m a n spectroscopy
FTIR
UV-visible spectroscopy
Scanning electron microscopy
Atomic force microscopy
Four probe conductivity
Tensile strength analysis
Permeability
Porosity analysis

polymer composition,
electronic structure and
counterion effect

morphology, porous structure,
conductivity,
mechanical properties

1.1.3.1 ELECTROACTIVITY OF POLYPYRROLE
Oxidation of pyrrole yields a charged polymer film with incorporated
anions. During reduction, electroneutrality can be maintained either by
expulsion of these anions or by incorporation of cations86. The dopant
anions (small size) in the PPy film can be exchanged relatively easily
with electrolyte anions in aqueous solutions during potential cycling.
The anion exchange processes offer an alternative chemical route for the
13
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preparation of some conductive and anion specific PPy complexes87.
However, the anion exchange processes do not result in any significant
alteration of the basic structure of the polymer88.

Anionic polyelectrolytes or large surfactant anions incorporated in the
PPy matrix are not released during electrochemical reduction of the
polymer and the electroneutrality of the polymer is conserved by the
penetration of the electrolyte cation into the PPy matrix89. Thus, the
electrochemistry of PPy/polyanion composites involves cation transport.
The polyanions become trapped within the polypyrrole matrix due to
their large size and their entanglement with the polypyrrole chain.
Consequently, this increases the stability and mechanical strength of the
PPy film.

A simple diagram for redox behaviour of PPy is shown in Figure 1.3.

14
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| ) |

Red (+ET\

©)e ^
PPy

e
e
e
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(A)
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electrolyte cation (B)

Figure 1.3. Proposed model of the redox behaviour for PPy/anion (
and PPy/polyanion (B).

PPy conducting polymers are stable to repetitive oxidation and

reduction only below certain anodic potential limits. For poly

this value is about + 1.0 V vs Ag/AgCl90. When the potential is

positive of this value, the result is rapid degradation of the

loss of electroactivity which has been attributed to an irreve
oxidation. This phenomenon is known as overoxidation91'92. The

overoxidation results in loss of conductivity and electroactiv

polymer since the counterions are expelled irreversibly and th
conjugation is destroyed during the process .
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1.1.3.2 ELECTRICAL CONDUCTIVITY OF POLYPYRROLE
The electrical properties of any material are determined by its electronic
structure, which in turn is determined by the molecular structure of the
materials94'95. The common feature in conducting polymers is that they
are fully conjugated systems (refer to Figure 1.1). It shows that they all
are alternating single and double C-C bonds along the polymer chain.
Free electrons, which are charge carriers for electrical conduction in
conductive materials like metal, are tightly held and shared between the
atoms in normal covalent bonds. These localised valence electrons are
therefore not available as charge carriers. However, in double and triple
C-C bonds the 71-electrons are relatively free compared to the aelectrons. In conjugated double bond systems it is possible that
delocalisation of 7c-electrons can occur through the interaction of
neighbouring 7i-electrons. Thus, in a completely conjugated system, the
delocalisation can make the 7i-electrons freely mobile over the entire
length of the molecule.
The most widely accepted mechanism of conductivity in these systems
involves charge transport along the polymer chains, as well as hopping
of carrier96'97(e.g. holes, bipolarons) between chains.

16

CHAPTER 1

In a polymer, just as in a crystal lattice, the electrons of the individual
entities (monomer/molecules/atoms) interact with their neighbours to
form electron bands98. The highest occupied energy levels are termed
the valence band (VB) and the lowest unoccupied levels, the conducting
band (CB).

Electrically conducting polymers are semiconductors with a filled
valence band and an empty conduction band, these bands are separated
by an energy gap, making it possible for the electrons to move to these
new bands and increasing the conductivity of the materials99. In the
reduced (undoped) form, PPy conducting polymers are insulators.

In dedoped conjugated polymers, there are two types of ^-electron
energy bands: the 7r-bonding molecular orbitals constitute the valence
band, while the 7i*-antibonding molecular orbitals form the conduction
band. The size of the energy gap, or bandgap (Eg), between the two
bands determines to a large extent, the intrinsic electrical properties of
the materials. However, there is only a qualitative relationship between
the size of the band gap and the conductivity of the material.
Conductivity is more dependent on the number and mobility of
available charge carriers. Figure 1.4 shows the energy band models for
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the three types of solid materials while Table 1.2 shows the values of
the bandgap for some conventional semiconductors as well as some
doped conjugated polymers.
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Figure 1.4. Electronic band structure for three types of solid materials.

Table 1.2. Bandgaps for Conventional and Polymeric Semiconductors.
Name

Bandgap

Name

(eV)

Bandgap
(eV)

Silicon

1.1

Polyacetylene

1.7

Germanium

0.7

Polypyrrole

3.2

Cadium Sulphide

2.5

Polythiophene

2.0

Zinc Oxide

3.3

Polyparaphenylene

3.5
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A polaron, in chemical terminology, is just a radical ion (spin 1/2)
associated with a lattice distortion and the presence of localised
electronic states in the gap referred to as polaron states98'100. A bipolaron
is defined as a pair of like charges associated with a strong local lattice
distortion101'102. Polarons and bipolarons, like electron holes, are mobile
in an electric field and are the charge carriers responsible for electrical
conduction along the polymer chain by the rearrangement of the double
and single bonds in the conjugated system. Bipolarons (radical-diions)
play a major role in the electronic and transport properties of conducting
polymers. Their transport occurs via mobility along segments of
conjugated polymer chain and the hopping of charges from chain to
chain. The number of these charges contained in a material and their
relative mobility controls the bulk electrical conductivity. Table 1.3
shows the conductivity of some common conducting polymers while
Figure 1.5 shows the chemical structures of undoped polypyrrole, and
the polaron and bipolaron forms delocalised over four polymer units.
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Table 1.3. Conductivities of Conducting Polymers.

Conductivity (S cm" 1 )

Polymer

Dedoped Form

Doped F o r m

cis-Polyacetylene

IO"7

IO"3 - IO4

trans-Polyacetylene

IO"4

IO"3- IO4

Polypyrrole

IO"10

IO2 - IO3

Polythiophene

IO"10

IO2 - IO3

Polyparaphenylene

IO"12

5 x IO 2

Polyparaphenylene Sulphide

IO"12

5 x IO 2

undoped polypyrrole

polaron structure

bipolaron structure
Figure 1.5. The chemical structure of the undoped, polaron

and

bipolaron forms of polypyrrole.
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1.1.4 CONDUCTIVE ELECTROACTIVE POLYMER (CEP)
COLLOID
The use of C E P colloids enables casting of films from aqueous or
nonaqueous solutions, either as stand alone conducting polymers or as
composite materials with other polymers.

Since 1986 many research groups have reported that polypyrrole can be
prepared as a processable colloidal dispersion in aqueous media using
various polymeric steric stabilisers. Several methods have been reported
on the synthesis of these colloids, both by chemical103'104, and
electrochemical means105'106. The most c o m m o n approach for the
synthesis

of colloidally

stable

C E P particles

is dispersion

polymerisation107. The type and concentration of reactants can
significantly affect both the particle size and conductivity of the
resulting conducting colloid108. The conductivities of compressed
particles were surprisingly high (0.1 - 2.0 S cm" 1 ) despite the presence of
up to 10 - 15 wt % of insulating, adsorbed polymeric surfactant109. Thus
such polypyrrole colloids offer a significant improvement in
processability with the retention of reasonable conductivity.

Kanazawa carried out the first solution polymerisation in non-aqueous
solvent such as acetonitrile110. Pron et al in 1985 described an aqueous
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synthesis using FeCl3 as the initiator111. Armes and coworkers have
extensively investigated a variety of polypyrrole colloidal dispersions
using carefully chosen steric stabilisers112'113. Gamier has polymerised
pyrrole using chemical oxidants such as FeCl 3 in the presence of
commercial sulfonated polystyrene latexes to obtain polypyrrolepolystyrene composites114. Composites can be prepared by dispersing
C E P colloid into a continuous non - conducting polymer matrix. Cooper
and Vincent have described a "double-bead" system in which P P y
particles are dispersed in polymethylmethacrylate115. PPy particles were
actually coagulated within the beads, which again would help with
producing a conducting network.

1.1.5 CONDUCTING POLYMER COMPOSITES BASED ON
POLYPYRROLE
The delocalised structure of the conjugated polymer which is
responsible for the electronic properties tend to yield relatively stiff
chains with little flexibility and have interchain interactions that m a k e
them insoluble and infusible. Conducting polymers are also thermally
unstable and prone to air oxidation. For successful industrial application
of PPy conducting polymers in future, their long term stability and
processability are properties that should be improved.
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Various polypyrrole derivatives and composites based on polypyrrole
have been synthesised by chemical or electrochemical polymerisation
methods to enhance the functionalities of stability116'117, processability118
and mechanical properties119'120. A number of procedures have been
proposed to synthesise composite polypyrrole polymers tailored to the
required applications.
(1) One procedure is to chose appropriate dopants such as
arylsulfonates, polyanions, and surfactants. Polypyrrole doped
with arylsulfonates were found to exhibit excellent stability in
inert atmospheres but were slightly less stable in the presence of
dry or humid air116. Munstedt et. al121 reported improvement in the
stability of electrical conductivity in PPy doped with
benzenedisulfonic acid. Rotzinger et. al used sulfated poly(phydroxyethers) as a dopant122 for PPy and reported improved
mechanical properties whilst retaining conductivity in the 15 S
cm"1 to 65 S cm"1 range.

(2) Another procedure is to copolymerise pyrrole with other
monomers123'124. Copolymers using monomers such as styrene
have been prepared. Styrene is first copolymerised with
chloromethylstyrene as radical initiator in the electrochemical
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cell, and is then electro-oxidatively coupled with pyrrole to form
a conducting composite123. The resultant films exhibit a widely
varying degree of conductivity (from 50 S cm"1 to 5 x IO"2 S cm"1)
and enhanced mechanical properties.

(3) This procedure involves polymerising pyrrole in the presence of
latexes125. Bjorklund and Liedberg produced aqueous colloid
suspension of conducting aggregates by embedding pyrrole in a
methylcellulose matrix126. The resultant material showed
improved optical and mechanical properties with excellent
processability.

(4) A further procedure involves electrodepositing polypyrrole on
substrates of other electrically- or ionically - conducting polymer
films such as polyacetylene, nafion and clay. Fan and Bard127
have reported that polypyrrole films prepared in ionically
conducting matrices showed enhanced mechanical properties and
retained electroactivity.
(5) In this case, pyrrole is oxidised in solution-swollen polymer
matrices such as poly (vinyl chloride) (PVC)128, poly(vinyl
alcohol) (PVA)129 and polyurethane (PU)130. For example,
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composites of polypyrrole with polyvinyl chloride) (PVC) have
been made in an attempt to improve the processability of the
conducting materials. The PVC and PPy composite have a
conductivity of 50 S cm"1 at room temperature while retaining the
mechanical strength of PVC.

(6) Electro-synthesis of PPy copolymers by Kumar et al131 has
produced a conducting material containing phenylene oxide and
pyrrole units which has better mechanical properties, but is
slightly less conductive than pure polypyrrole.

1.1.5.1 POLYPYRROLE - POLYELECTROLYTE COMPOSITES
The incorporation of polymeric anions rather than the more often used
small anions as dopants is a new approach towards the modification of
conducting polymer (Equation 1.3). Previous work132,133 has shown that
polyanions have a range of interesting properties suitable for designing
new conducting polymers with specific functionalities such as high
water capacity or biocompatibility. The formation of such composites
may be described according to Equation 1.3:
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where PE" represents a polyanion group being incorporated in the
polypyrrole matrix.

There are a number of literature reports on the use of polyelectrolytes as
dopants for PPy and other conducting polymers134"136. The use of
poly(styrenesulfonic acid)137 or poly(vinylsulfate)138 in producing
conducting polymer has a marked influence on the chemical and
physical properties of the conducting polymer. Polypyrrole doped with
chiral polyelectrolytes was prepared with possible applications such as
membrane139 and chiral chromatography140. Electroactive
polyelectrolytes or biofunctional polyelectrolytes (e.g. Heparin, Dextran
sulfate) have been incorporated141'142 into polypyrroles.

1.1.5.2 POLYPYRROLE - HYDROGEL COMPOSITES
Conducting polymer and hydrogels are two of the most promising types
of polymers being used for new material development. Both hydrogels
and conducting polymers are stimuli responsive materials whose
dynamic characteristic is reasonably well understood. Hydrogels
undergo phase transitions (volume changes) in response to changing
26

CHAPTER 1
environmental conditions such as temperature143, pH144, solvent
composition145, and electrical stimuli146. Conducting polymers also
undergo chemical and physical changes in response to various stimuli46"
50

. Despite the promising electrofunctional attributes of both classes of

polymer there are several limitations that mitigate against their use in
practical applications and/or devices. In the case of hydrogels, electrical
stimuli are not readily transmitted throughout the structure due to the
low electronic conductivity of the supporting polymer network. Hence,
the response times for anything other than microstructures are quite
long. In the case of conducting polymers the ability to produce the
materials in a wide range of geometries with different porosities and
appropriate mechanical properties is limited. This is particularly true for
insoluble conducting polymers prepared electrochemically and yet this
method of formation is desirable if highly conductive, multifunctional
polymers are to be produced. As a result of these limitations, a number
of workers have considered the use of different electrode substrates to
modifiy the form of the conducting polymer produced
electrochemically. For example, Martian and coworkers147 have used a
porous electrode to produce fibrillar materials. Growth within zeolite
structures148 has also been explored. Perhaps the most common hosts,
however, are polymeric in nature. This is usually achieved by precoating the electrode with an insoluble polymer, such as
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polyvinylchloride147, polyamide148, or polyurethane130'149. The coated
electrode is typically immersed in monomer solution and subsequent
electropolymerisation of the monomer produces a conducting polymer
composite material. Recently G. Wallace and his coworkers have shown
that electropolymerisation of conducting polymers is possible within a
hydrogel matrix150'151.
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1.2 HYDROGELS
Natural hydrogels can be found in tissues, tendons, and membranes for
the kidneys and blood vessels152. They are also found on the surface of
the stomach, the intestines, and the lungs153. In the past decades many
synthetic hydrogels have been developed for a large variety of
applications154'155. Synthetic hydrogels are mixtures that consist of a
substantial amount of water and highly swollen, hydrophilic polymer
networks156. Synthetic hydrogel systems have been developed using
various polymerisation techniques or by converting existing polymers.

Synthesis can be performed in solution, a suspension or emulsion, gas
phase, or by plasma or bulk polymerisation157. Each of these methods
has advantages or disadvantages with respect to purity, molecular
weight distribution and network homogeneity.

Hydrogels can be characterised by hydrophilicity and insolubility in
water. In water they may absorb up to 50 times, or more, their own
weight while retaining their shape and mechanical stability. The
hydrophilicity is due to the presence of water-solubilizing groups, such
as -OH, -COOH, CONH2, and S03H. The insolubility and stability of
shape are due to the presence of a three dimensional network. The
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swollen state results from a balance between the dispersing forces acting
on hydrated chains and cohesive forces that do not prevent the
penetration of water into the network. Cohesive forces are most often
due to covalent cross-linking but can also be influenced by electrostatic,
hydrophobic, or dipole-dipole character158.

1.2.1 HYDROGEL SYNTHESIS
1.2.1.1 CHEMICAL METHOD
There are two different methods in chemically producing hydrogel
networks157'159. Firstly, linear polymers can be prepared by simple
crosslinking between monomers. Secondly, three dimensional network
of hydrogels is prepared by free radical polymerisation between
monomer and cross linking agent. The two processes are illustrated in
Figure 1.6. Synthesis of hydrogels can be performed in solution, a
suspension or emulsion, gas phase, or by plasma or bulk polymerisation.
However, solution and suspension polymerisation are the most
frequently used method. Polymerisation in solution can produce bulk
and various shapes of hydrogel while the polymerisation in suspension
provide small and spherically shaped hydrogels.
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Monomer

B.

1

Polymerisation

1

Crosslinking

Initiator
Monomer
Crosslinker

Figure 1.6. Hydrogel synthesis by (A) crosslinking of linear polymers or
(B) Simultaneous polymerisation/crosslinking. Synthesis procedure A:
1. Synthesis of linear polymers with functional side groups (R). 2.
Crosslinking by reaction of crosslinking agent with reactive side groups
(R) on the linear polymers. 3. Removal of unreacted compound
solvent. (R: e.g., -OH or -COOH.
diisocyanate).

Synthesis

and

Crosslinker: e.g., di-acid, diamine, or

procedure

B:

1.

Simultaneous

polymerisation/crosslinking by a free chain growth mechanism. 2.
Removal of unreacted compound and solvent.
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The design and development of organic polymer hydrogels with
optimum chemical and physical properties is of paramount importance
in medical, biomedical, pharmaceutical and industrial fields. In Table
1.4 and Table 1.5, examples of frequently used crosslinkers and
monomers possessing different properties are shown. Table 1.6 lists the
method for synthesis of hydrogels. Although generalisations can be
made about hydrogels, it should be apparent from these tables that this
category of materials covers a wide range of chemical composition.

Table 1.4. Frequently used crosslinking agents.
Crosslinker
Ethyleneglycoldimethacrylate
derivatives

Methylene-bis-acrylamide

Chemical structure
CH2=CH
CH=CH2
1
1
CO
CO
1
1
NH
NH
^CH2^
CH2 = C
^
CO
C=CH2

VU
0

1
CO

1

1
(CH2CH20)x
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Table 1.5. Examples of different types of monomers, (n): neutral, (a)
acidic or anodic, (b) basic or cationic.
Monomers

Chemical Structure
/CH3
CH2 = c
S

Hydroxyalkyl Methacrylates
(n)

C02-R

R = CH2CH2 OH
R
I

Acrylamide derivatives
(n)

2.4 Pentadiene-1-ol (n)

CH2 = C-CO-N-R'
I

R"
R = H, -CH3
R, R" = H, CH3-C2H3. -CH2CHOHCH3
CH2 =CH-CH = CH ~ CH2 OH
%

N-vinyl pyrrolidone
(n)

CH2 = C H - N < ^
/R

Hydrophobic acrylics
(used as comonomers)
(n)
Acrylic acid, Derivatives
(a)

CH2 = C
S

CO2R
R = H, -CH3
R'=CH3, C4H9, -OCH3, -CN, -OCH2CH2OCH3
R
CH2 = C - CO2H
R = -H, -CH3

Sodium styrene sulfonate
(a)
Crotonic acid (a)
Aminoethylmethacrylate,
Derivatives
(a)

Vinyl pyridine
(a)

CH2=CH"<

/ ) — S03 Na

CH3-C - C H - CO2H
R
CH2 = C
CO2-C2H4N-R
1
R"
R, R, R" = -H, CH3, C4H9

CH2 = C H - 4 _ _ A N
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Table 1.6. Methods for Synthesis of Hydrogels (From Tanaka, ref 153).
Method

Crosslinking for
Copolymerisation

Example and Comments

+

+

A n extensive amount of different m o n o m e r s are available. Hydrogels
with different properties m a y be obtained by varying the monomers
Crosslinking of
polymeric
precursors

X

X

+
X

X

The gel point is reached very fast. G o o d control of molecular weight of
polymer backbone. (Example: X = p-nitrophenylester, y=aliphatic
amine)
Polyelectrolyte
complexes
Physical crosslinks (ion-ion interaction). Swells drastically in solutions
of high ionic strength.
Hydrolysed
neutral gels

C=N
c=N ~ " » N
"
COOH
COOH
Can vary degree of hydrolysis block copolymer

+
\

Interpenetrating
networks

+

+

1

Can be formed in one step using two different polymerisation
mechanisms, or in two steps polymerising one network at a time.

34

CHAPTER 1

1.2.1.2 ELECTROCHEMICAL METHOD
Electrochemical polymerisation of vinyl polymers in solution has been
extensively studied under different experimental conditions. One of the
developed processing techniques for synthesising polymer gels as
coating materials is the use of electrochemical polymerisation (ECP)
which uses an electrical current to initiate polymerisation processes.
Recently electrochemical polymerisation (ECP) method has been
extensively studied for applying polymer coatings to metals. ECP
involves the direct coupling of molecules by electrode reactions. In
general, gel formation on an electrode is dependent on the kind of
supporting electrolytes/monomer concentration160 and electric charge161.
Polymerisation is initiated by the active species (free radical or ions)
produced by electrochemical reaction of the supporting electrolyte or
solvent. Acrylamide has been polymerised by electrochemical
polymerisation in aqueous and organic solvents162'163.

There are three chemical/electrochemical steps involved in the
polymerisation of acrylamide163'164; (i) electro-initiation, (ii) propagation
or chain growth and (iii) termination.
(i) Electro-initiation
Many authors have claimed the electro-initiation to be an indirect
step161'165'166:
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C+ + e"

•*~C

0

*

C

+

(1.4)
O

//

CH2 = CH-C

+

"• CH2=CH-C,\

\

NH2

o

NH2

I *

O

CH2 - CH-C NH2

(1.5)

where C + m a y be the cation of the supporting electrolyte and C is the
free radical.
(ii) Propagation (chain growth)
Propagation is achieved by reaction of acrylamide m o n o m e r with the
free radical according to :

o

O

//

CH2 = CH-C

//

+

\

\

NH2
CH2 = CH-C

CONH2

NH2

O

'/

—(CH2-CH}-

CH2 = CH-C

+

x
NH2

—fCH2-CH)I 2
CONH2

—(CH2-CH^"•
| n+1
CONH2

(1.6)

w

(1.7)

The subsequent reaction of the polymerisation is the chain growth.
Acrylamide free radicals reacting with its monomers results in the
formation of larger sizefreeradicals. It should be noted that the passage
of electrical current normally does not influence the propagation process
of the polymerisation.
(iii) Termination
Termination m a y occur via several different mechanisms:
(a) Termination by free radical coupling:
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+ —(CH2-CHtL

—tcm-cuf| h
CONH2

• ~~^CH2"(rHt"^
I n+m
CONH2
(1.8)

i m
CONH2

(b) Termination by transfer to monomer:

o *°
* U + -fCH2-CH)CH2 = CH-C +
| n
N
NH2
CONH2
(1.9)

• C H 2 = CH-C +—(CH2-CH)\
i n
NH2
CONH2

(c) Termination by reaction with hydrogen radical:

—tcui-cny- + • -tCH2-CHr
I Jn + H
CONH2

^

| n
CONH2

(1.10)

1.2.2 S T R U C T U R E A N D P R O P E R T I E S
A three dimensional network can be obtained after several processes:
polymerisation, crosslinking, and removal of unreacted compounds
(Figure 1.7).
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Figure 1.7. Hydrogel Network after Synthesis.
A: tetrafunctional crosslinks. B: multifunctional crosslink. C,D: chain
ends. E: entanglement. F: loop. G: Non-crosslinked chains. Mc:

number

average molecular weight between crosslinks. 0: solvent. H: mesh. I:
unreacted functionality.

In the ideal case, a network is formed with Gaussian polymer chains
between multifunctional crosslinks without defects. However, the
network

has

some

defects such

as chain ends, loops, chain

entanglements, and unreacted functionalities. Inhomogeneities, phase
separation, and crystallisation m a y also be found in the network. The
most important property of hydrogels is the ability to imbibe water.
Elasticity, permeability, stimuli-sensitivity, and solute loading capacity
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are also important properties of hydrogels. These properties can be
determined by four structural parameters such as water structure in the
hydrogel, the heterogeneity of the gel, the chemical composition of
structure, and the mesh size of the network. Accordingly, the
application of hydrogel can be determined by manipulating appropriate
parameters. There are major differences for each type of material with
respect to synthesis techniques and properties157. The nature of the
monomer, the chemical nature and extent of crosslinking agents,
different experimental conditions of polymerisation and the method of
polymerisation can be varied to prepare organic polymer hydrogels with
different properties ; such as crosslink densities, pore sizes, swelling
levels, and chemical properties such as hydrophilicity and charge. Table
1.7 shows factors influencing the properties of hydrogels.

Table 1.7. Factors influencing the properties of hydrogels.
Factors
Charge t
Ionisation T
Crosslinking density T

Hydrophilicity T
Hydrophobicity T
M o n o m e r strength T
Free water t

Hydrogels properties
Swelling T
Charged solute binding capacity T
Swelling T
Swelling -l
Elasticity modulus and strength t
Permeability >l
Swelling T
Swelling J<
Stimulus-sensitivity i
Permeabilityt
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1.2.3 PHASE TRANSITION OF GELS
The principles of phase transition in polymer gels are essential for the
understanding of polymer gel systems in general167. The response
function of stimuli responsive hydrogels is based on phase transitions as
a result of changing external conditions168"174. A well k n o w n example of
phase behaviour

of polyacrylamide hydrogels in water-acetone

mixture175 is shown schematically in Figure 1.8. It is observed that the
effect of gel charge (which can be introduced by partial hydrolysis of
the amide side group) on the phase behaviour is an analog of the effect
of pressure on the vapour-liquid phase behaviour. For the gels, charge
generates an osmotic swelling pressure, which is opposite to an external
pressure.
Phase Diagram of Gel

Phase Diagram of Gel

Volume

Volume

Figure 1.8. Phase diagram of poly(acrylamide) hydrogel and phase
diagram of water (from Tanaka ref. 153).

To understand the phase behaviour of gels, it is essential to consider the
molecular interactions between the polymer chains in the gel. Gel phase
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transition is a result from a competitive balance between a repulsive
force that acts to expand the polymer network and an attractive force
that acts to shrink the network. The most effective repulsive force is the
electrostatic interaction between the polymer charges of the same kind,
which can be imposed upon a gel by introducing ionisation into the
network. The osmotic pressure by counterions adds to the expanding
pressure. The attractive interactions can be Van der Waals, hydrophobic
interaction, ion-ion with opposite signs and hydrogen bonding. Figure
1.9 shows different phase diagrams which are induced by the effects of
different stimuli on the polymer-polymer interactions in gels. In general
the Flory-Huggins theory has been very successful in describing
qualitatively the transition behaviour of gels176"178. However, while the
Flory Huggins theory provides the theoretical understanding of the
phase transition behaviour of gels, these interactions give a more
thorough understanding of the phase transition of gels.
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Figure 1.9. The phase transitions of gels induced by one of the
fundamental attractive interactions in different dominant
polymer-polymer interactions (From Tanaka, ref. 153).

1.3 THERMOSENSITIVE POLYELECTROLYTES AND
HYDROGELS
Many different types of polymers possess LCST. Examples of these
polymers are poly(ethylene oxide), polymethacrylic acid, poly(vinyl
alcohol), many natural and synthetic polypeptides, N-alkyl substituted
acrylamide polymers. LCST polymers can be prepared by selecting a
hydrophilic, water soluble polymer and replacing a fraction of the
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hydrophilic groups by hydrophobic groups. Ito and colleagues179
synthesised various polymers and gels that collapse as temperature is
increased using hydrophobic polymers. K i m et al.180 and Hoffman 1 8 1 et
al. have been extensively studying thermosensitive gels. There are two
types of thermosensitive hydrogels. O n e type exhibits a positive
thermosensitivity

(i.e., an increasing

swelling

with

increasing

temperature) and the other possesses a negative thermosensitivity.
Positive sensitivity has been observed for swollen interpenetrating
poly(acrylamide)/poly(acrylic

acid)

network182.

Negative

thermosensitivity is observed for hydrogels prepared from polymers
which exhibit low critical solution temperature ( L C S T ) in aqueous
solutions183. These gels are widely used for delivery systems184 and
actuators185.

1.3.1 DEFINITION AND CLASSIFICATION OF
POLYELECTROLYTES
In early work, natural polyelectrolytes such as nucleic acids and
proteins, or anionic polysaccharides were only considered from the view
of the biological field. During the first half of the twentieth century,
Fischer's work o n amino acids and proteins contributed towards the
progress of the theory of synthetic polyelectrolytes186. T h e first
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preparation of stoichiometric polyelectrolytes was done by Michaels
et.al187inthe 1960's.

A polyelectrolyte can be defined as a macromolecule which consists of
a macro-ion and counterion in the chemical structure. The macro-ion
and counterion can be dissociated in aqueous solutions within a certain
range of pH. They are classified into anionic or cationic polyelectrolytes
depending on which charge is associated with the polymer
backbone188'189. There is also a special case of polyelectrolytes, "the
polyampholytes", carrying both anionic and cationic groups covalently
bound to the macromolecule190. Furthermore polyelectrolytes can be
divided into strong polyacid or polybase depending on the acid or base
strength of the ionic site191. Figure 1.10 shows examples of
polyelectrolytes depending on the charges along the polymer chain.
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1.3.2 VARIOUS POLYMERISATION METHODS FOR
SYNTHETIC POLYELECTROLYTES
Synthetic polyelectrolytes can be prepared by chain growth as well as
step-growth mechanism 192 or by modification of preformed polymers193.
In principle homopolymer and a variety of copolymers (random,
alternating, block, or graft copolymer) can be prepared by chain growth
polymerisation techniques, ie.freeradical polymerisation. The chemical
structure and properties of polyelectrolytes can be controlled by the type
of m o n o m e r and initiator, and reaction conditions189.

Radical polymerisation is mostly used for the synthesis of
polyeletrolytes. A radical chain polymerisation consists of a sequence of
three steps: initiation, propagation and termination. The reaction is
initiated by the action offreeradicals, electrically neutral or charged
species with an unshared electron.

Stepwise polymerisation involves multifunctional monomers, oligomers
and polymers in an equilibrium during reaction. Polymerisation
proceeds, either by reaction of different monomers (each containing
only one type of functional group) or by reaction of one m o n o m e r
containing different functional groups. This polymerisation can proceed
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by two other ways such as polyaddition or polycondensation
polymerisation194'195.

Ionic polymerisation proceeds, like free-radical polymerisation by a
chain-growth mechanism, but the growing chain ends are cations or
anions. Types and course of ionic polymerisation are mainly determined
by the structure of the m o n o m e r 1 and by the different interactions of the
growing chain ends with the counterions189'191.

Chemical modification of synthetic polymers in general includes
substitution, addition, elimination, and isomerisation reactions.
Synthesis of polyelectrolytes mostly proceeds via hydrolysis, amination,
quaternization, sulfonication, ring opening and the Mannich reaction.
Using these reactions a large number of individual polyelectrolytes have
been synthesised196'197'.

1.3.3 CHARACTERISATION TECHNIQUES FOR
POLYELECTROLYTES
It is well k n o w n that polyelectrolytes exhibit properties that cannot be
understood as a simple superposition of polymer and electrolyte
properties. Although there are various theoretical approaches198'199 in
explaining

polyelectrolytes'

behaviour,

the understanding

of
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polyelectrolytes is poorly understood due to the lack of research on the
chain structure, the long-ranged Coulomb interaction200 and simulation
of polyelectrolytes. However, the electrochemical properties of
polyelectrolytes has been studied by various electrochemical
characterisation techniques such as potentiometry201, conductometry202,
and polarography203. The chemical characterisation of polyelectrolytes
has been done by use of spectroscopic techniques204'205. Table 1.8 shows
the characterisation methods used for polyelectrolytes and information
obtained.

Table 1 8. Characterisation techniques and the information obtained.
Characterisation methods
Potentiometry
Conductometry
Polarography
Electrophoresis
N M R spectroscopy
UV-visible spectroscopy

Information
counterion activities (H + activity)
conductivity
electrosorption and diffusion
mobility
chemical structure
concentration and conformation

1.4 AIMS OF THE WORK
Polypyrrole is a polymer which is able to provide reversibly desired
responses depending on the external stimuli such as pH50, solvent41'42'45,
and temperatures48'49. However, one of the factors limiting the practical
implementation of these materials is the difficulty encountered in
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producing them in the required shape and dimensions. Hydrogels show
drastic changes in volume due to small changes in the external
conditions such as temperature168'179"181,206, pH185'207'208, solvent
composition208, salt concentration of the solvent150, and electric field209.
One aim of this project is to consider the use of hydrogel materials as
structural support for the electropolymerisation of conducting polymers.
The combination of the two materials may enable the development of
new processing methods for conducting polymers. It has already been
reported that a range of conductive polymeric composites has been
electrochemically produced150'm.

For this project, various processing methods for the synthesis of
conductive hydrogel blends based on polypyrrole and different types of
hydrogels have been proposed (Figure 1.11). In addition, the synthesis
of thermosensitive and multifunctional polyelectrolytes, which could
provide unique properties to polypyrrole when incorporated, was also
investigated.
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Figure 1.11. The various processing methods for the synthesis of
polypyrrole and hydrogel blends.

The major purpose of this project are as follows:
(1) Development of new processing techniques for polypyrrole and
various hydrogel blends.
(2) Development of a new polyelectrolyte for the synthesis of
polypyrrole with enhanced performance (high water content,
adhesion and themosensitivity)
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(3) Investigation into the combination of polypyrrole colloid with
processable hydrogels and the effect of electrochemical and physical
properties (cyclic voltammetry, conductivity, equilibrium water
content, swelling behaviour, UV-visible spectroscopy).
(4) Investigation of possible applications of various processable
hydrogel and PPy colloid blends as anti-corrosion and coating
materials.
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CHAPTER 2
EXPERIMENTAL PROTOCOL

2.1 INTRODUCTION
This chapter describes the major characterisation methods employed in
the characterisation of conducting polymer/hydrogel blends. The
various characterisation techniques used for hydrogel/polypyrrole (PPy)
blends include :
(1) Electrochemical characterisation, cyclic voltammetry (CV),
potentiometry, amperometry.
(2) Water content and dehydration/rehydration behaviour.
(3) Surface conductivity determination by the four point probe
technique.
(4) UV-visible spectroscopy.

Details of general experimental methods will be given in the
experimental section of each chapter. This chapter will also discuss the
synthesis of PPy colloid sterically stabilised with either polyethylene
oxide (PEO), polystylene sulfonate (PSS) and polyvinyl alcohol (PVA)
for use in the synthesis of conducting polymer/hydrogel blends,
discussed in chapter 5 and chapter 6.
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2.2
ELECTROCHEMICAL
CHARACTERISATION

METHODS

FOR

2.2.1 CYCLIC VOLTAMMETRY
Cyclic voltammetry (CV) is a useful and versatile electrochemical
technique for determining the redox behaviour of conducting
polymers210. CV provides information on the growth behaviour of
conducting polymer, the nature of oxidation states and their relative
stability. In this project, CV is the first electrochemical technique used
to characterise the hydrogel/PPy blends. This technique involves the
measurement of the current flowing through a working electrode as a
function of the applied potential, which is controlled versus a reference
electrode (e.g. a Ag/AgCl electrode). The potential sweep takes a
triangular form; that is the potential is first increased linearly to a
switching potential and then decreased to its starting point at the same
rate {Figure 2.1 (a)}. The applied potential is usually scanned linearly
between the upper and lower potential limits at a given scan rate (dE/dt).
An example of current flow vs time at a conducting polymer is given in
Figure 2.1 (b).
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Time

Figure 2.1. (a) The potential waveform as a function of time and (b)
typical current flow as a function of time for a conducting polymer.

Figure 2.2 shows typical cyclic voltammograms obtained from three
different types of analytes. The solid curve is for a reversible reaction.
The curve labelled quasireversible is the voltammogram for a system in
which the electron transfer process is not instantaneous. The separation
of the cathodic and anodic peaks in potential provides a measure of the
relative rates of the reduction and oxidation reaction. The third curve is
a voltammogram for an irreversible electrode process. In this case only
a cathodic peak is observed because the product formed in the initial
reduction is not re-oxidized to a significant extent.
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Figure 2.2. Cyclic voltammograms

of reversible, quasireversible and

irreversible reactions.

The important parameters of a cyclic voltammogram are the magnitudes
of the peak currents ip(a) and ip(c), and the potentials at which the peaks
occur, Ep(a) and Ep(c) A Ep (Equation 2.1) is a measure of the reversibility
of the electrochemical reaction. For example at 25°C, A Ep is expected
to have a value of 2.3 RT/nF (59/n) (mV), where n is the number of
electrons involved in a reversible charge transfer.
AEp = EP(a) - EP(c)

(2.1)

where E p(a) and E p(c) are the anodic and cathodic peak potentials,
respectively. This peak is independent of scan rate for a reversible
couple, but is slightly dependent on switching potential and cycle
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number. The potential midway between the two peak potentials is the
formal reduction potential of the couple (Equation 2.2).
Eo =

EpW + Ep{c)

(2.2)

When the scan rate (v) is increased, ip(a) and ip(c) both increase in

proportion to v1/2. The values of ip(a) and ip(c) are similar in magnitude for
a reversible couple with no kinetic complications. That is
^=1 (2.3)
iP(c)

A typical cyclic voltammogram of polypyrrole doped with NaN03 in
1.0 M NaN03 is given in Figure 2.3. This shows the redox process of
PPy/N03 with peak potential Ep(c) and Ep(a) appearing at - 0.35 and -0.30
V. The redox processes are attributed to the expulsion and insertion of
anion, so that the overall charge of the polymer system remains neutral
(Equation 2.4).

-e

A"

+ A"

-e

'\ N

r
(2.4)
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Figure 2.3. Typical cyclic voltammogram of galvanostatically deposited
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3

in 1.0MNaNO3 at a scan rate 20 mVs'.

2.2.2 CHRONOAMPEROMETRY
Chronoamperometry is another technique used to study the
polymerisation of conducting polymers. This technique involves
monitoring the current change vs time during the electrochemical
synthesis of conductive electroactive polymers at a constant potential.
The rate of reaction results in current change since
i =

dQ{t)
dt

(2.5)

where i is the electrode current and Q(t) is the charge consumed in the
electrode process. Chronoamperograms obtained during the
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polymerisation provide an indication of the nature of material deposited
on the working electrode (Figure 2.4). A n increase in current throughout
the polymerisation results from the enlarged electrode surface by
depositing the conducting material. O n the other hand, a decrease in
current m a y be explained by resistive material being deposited on the
electrode or no deposition occurring.
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Figure 2.4. Typical chronoamperogram obtained during potentiostatic
growth

ofPPy/N03.

2.2.3 CHRONOPOTENTIOMETRY
This technique involves monitoring the potential change vs time during
polymerisation carried out at constant current. T h e constant current
causes the electroactive species to be oxidised or reduced at the working
electrode. From the chronopotentiogram it can be determined if the
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polymer formed on the working electrode is electrically conductive or
resistive. If the potential remains at relatively low or decreases during
polymerisation, the polymer deposited is a conductive material (Figure
2.5). On the contrary, if the potential remains high or increases, the

polymer deposited is either a resistive material or no polymer deposition
occurred.
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Figure 2.5. Typical chronopotentiogram obtained during galvanostatic
growth of PPy/NO

3

at a current density of 0.5 mA/cm2.
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2.2.4 C E L L D E S I G N

The geometry of the electrochemical cell and each electrode, as well

the placement of the electrodes within the cell, are important factor

contributing to overall cell performance. In general, the surface ar
the auxiliary electrode should be considerably greater than that of
working electrode. This condition is maintained so that the applied

current is able to distribute evenly over the surface of the working

electrode during electropolymerisation. A larger auxiliary electrode

ensures that it will not limit electrode processes at the working el

surface. The tip of the reference electrode is placed as close as po

to the working electrode to minimise any uncompensated resistance (i
drop) between the working and reference electrodes.

2.3 PHYSICAL METHODS FOR CHARACTERISATION
2.3.1 ELECTRICAL CONDUCTIVITY MEASUREMENT

The electrical conductivity of a material can be measured by measuri

current for a given applied voltage, or the voltage across the conta
can be measured when a known current is passed between them. In

principle, a material can exhibit the property of electrical conduct

when it contains charged particles that are free to move through the

material. Since conductivity is related to the rate of flow of charg
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response to an electric field, the magnitude of the conductivity is
dependent on the concentration, mobility, and charge of the charged
particles.

The ASTM method211 is a standard method applied to all kinds of
materials that exhibits surface or volume resistivity within the range of
1 ~ IO"7 (S cm" 1 ). With this method, two identical electrical connectors
are used. The four electrodes on each connector are arranged in a pattern
as shown in Figure 2.6.
Sample Outer electrode
Inner electrode
/

/
/

W.~ w

Figure 2.6. Top view of the four point probe method for the
measurement of the electrical conductivity of a CEPfdm.

The distance

between the inner electrode is 0.2 cm. The sample is sandwiched with
another connector. A constant current is applied through the two outer
electrodes.
The sample is place in contact with the four electrodes and a constant
current fs then applied between the two outer electrodes which will
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generate a potential gradient along the current flow direction. According
to Ohm's Law, the resistance of the material is proportional to the
potential drop across the two inner electrodes. The surface conductivity
of the polymer material can be calculated by Ohm's Law:
/* = ^- (Q cm) (2.6)
iL

where ps is the surface resistivity (Q cm), L is the distance between the
two inner electrodes (cm), V is the potential drop across the inner
electrodes (V), w and t are the sample width (cm) and thickness (cm),

respectively, i is the current applied (A). Consequently, the conductivit
of the sample can be calculated.
a = (Scm~l) (2.7)
ps
where a is the surface conductivity (S cm"1)
In this study the conductivity measurement was done with a four point
probe calibrated to the ASTM method (D 4496), using a custom built
conductivity measurement cell at room temperature.

2.3.2 TOTAL EQUILIBRIUM WATER CONTENT (EWC) AND
SWELLING BEHAVIOUR.
The most important property of hydrogels is the ability to imbibe water.
Synthetic hydrogels are able to retain water in their macromolecular
structure due to the existence of crosslinks. The factors that influence
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the total water content of synthetic hydrogels are the hydrophilicity of
the polymers, crosslinking density of the hydrogel network and the
mechanism of water sorption. The total equilibrium water content is
expressed as Equation 2.8. All the data are reported at equilibrium.

EWC(%) =

Wet Weight

~

dry Weight

(2.8)

wet weight

Swelling properties of hydrogels are dependent upon many physical
parameters including pH207,212, ionic strength208'213 and temperature174'214,
and can be expressed in weight, volume, and length. This behaviour can
be used in the development of site-specific drug delivery systems,
biosensors, artificial muscles and osmotic pumps. It was found that the
phase transition from the collapsed state to the expanded state is
controlled by diffusion of solvent in the hydrogels215.

In this study, the phase transition of hydrogels and the blends with
conducting polymer were observed gravimetrically by dehydration and
rehydration experiments in two different solvent media (i.e. water and
NaCl solution).
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2.3.3 NATURE OF WATER IN HYDROGELS
The nature of water in hydrogels is important in understanding their
dynamic diffusion and equilibrium swelling behaviour. One of the
structural models of water proposed by Andrade et al.216 indicates the
presence of three different classes of water in any hydrogel. Bound
water is strongly associated with the macromolecular chains by
hydrogen bonding or by polar interactions. Interfacial water is
characterised by ice-like configurations around the hydrophobic groups.
This form of water is not as strongly held by the polymer chains as
bound water. Free or bulk water has the same physical properties as
normal water and is not attached to the polymer chains. Thus, the
polymer chains do not influence the interactions between the adjacent
water molecules. The bound water content of a gel can be determined
using differential scanning calorimetry (DSC)217 or nuclear magnetic
resonance spectroscopy218.

In this study the DSC technique was employed. DSC monitors the gross
phase changes of water in polymers. When a hydrogel sample is cooled
well below 0°C, both the free and interfacial water freeze but the bound

water remains in the non-frozen state, since it is strongly associated with
the polymer chains. DSC measures the freezable wafer and determines
the remaining unfrozen water associated with the polymer. This
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unfrozen water fraction is herein termed the bound water fraction. A
typical experiment is described below.

The surface of the hydrogel and hydrogel/polypyrrole blend was wiped
off carefully with filter paper and then cut into 5 mg samples. The
samples were sealed in pre-weighed aluminium sample pans using a pan
crimper and the accurate weight of each sample noted. The samples
were cooled in liquid nitrogen to -80 C to ensure any supercooled water
to be frozen. After equilibrium was reached, the samples were heated
gradually at a rate of 10°C min"1 to ambient temperature. Thermograms
were recorded and then the areas under the melting peaks were
integrated to obtain enthalpy values (J g"1) of fusion of water in
hydrogel and hydrogel/polypyrrole blends. The amount of free water217
in their network was determined by Equation 2.9. Average values were
obtained from at least five measurements for every sample.

Enthalpy of fusion of gel blends
.nn
y7 J J
% Free water =
—
— x 100
Enthalpy of fusion of water (331J / g)

,~ nx
(2.9)

2.3.4 CHARACTERISATION OF POLYPYRROLE BY UVVISIBLE SPECTROSCOPY
UV-visible spectroscopy can be used to elucidate the changes in
electronic structure of PPy grown electrochemically or composites
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based on PPy. Diaz et al and Yakushi et al employed this method to
study P P y growth219'220. The absorption of UV-visible radiation by
polymers leads to transition among the electronic energy levels of the
macromolecules, and as a result of this w e obtain a typical electronic
absorption spectrum. It is k n o w n that midgap electronic states and the
evolution of polaronic states into bipolaronic states can be observed by
optical

absorption

spectroscopy

. In this

study,

UV-visible

spectroscopy was employed to confirm the presence of polaron and
bipolaron (free carrier tail) in hydrogel/PPy blends and C E P colloid
which implies delocalised electrons and therefore conductivity. Figure
2.7 shows the UV-visible spectrum of PPy colloid doped with FeCl 3
using P V A as a stabiliser.
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Figure 2.7. A typical UV-visible spectrum of PPy colloid.
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2.4 PREPARATION OF PPY COLLOID
2.4.1 MATERIALS
Deionised water was used throughout this work. Pyrrole (Merck) was
distilled before use. FeCl3 was purchased from BDH (England).
Polyethylene oxide (PEO, Mw = 3 x IO5), Polyvinyl alcohol (PVA, Mw
= 3 x IO4 - 7 x IO4), and Poly(sodium 4-styrenesulfonate) (PSS, Mw =
7 x IO4) were purchased from Aldrich (USA). Dialysis tubing cellulose
membrane (Capacity > 12,000, Sigma, USA) was also obtained.

2.4.2 COLLOID FORMATION
The PPy colloid synthesis was carried out in the presence of a suitable
polymeric stabiliser which adsorbed onto the growing microscopic
conducting polymer particles and prevented their aggregation via steric
stabilisation mechanism. PVA, PEO, and PSS (each 0.3g) as a steric
stabiliser were dissolved in 200 ml de-ionised water containing 10. 66g
FeCl3 oxidant at 20°C in a 250ml beaker and then cooled using an ice
bath. Pyrrole (2ml) was injected slowly by syringe into the reaction
vessel while stirring. The process was allowed to continue for 20 hours,
stirring vigorously. The polypyrrole colloidal dispersion was purified by
dialysis using cellulose membrane and then freeze dried.
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2.4.3 CHARACTERISATION
The polypyrrole colloid dispersion was studied as a function of PPy
content and stabilisers by C V and U V -visible spectroscopy.
Cyclic voltammograms of PPy colloid dispersion with different loading
(1, 2, 4 % w/v) were obtained (Figure 2.8). These C V s indicate that the
PPy colloid was electroactive with well defined redox peaks appearing
at E p(c) = - 0.40 V and E p(a) = + 0.0 V. The separation of peak potentials
A E = E p(a) - E p(c) = + 0.40 V. The voltammetric current increased with
increasing PPy colloid content in the electrolyte.
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Figure 2.8. Cyclic voltammograms

of PPy colloidal dispersion with

different PPy colloid contents (% w/v PPy colloid/water) in 1

MNaN03

at a scan rate of20mVs'1.

UV-visible spectra of PPy colloid dispersion prepared using different
«.

stabilisers: P V A , PSS, and P E O were obtained (Figure 2.9). The optical
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absorption spectra of all the dispersions were similar. The polypyrrole
dispersions synthesised are conductive as evidence by the presence of
thefreecarrier tail in the UV-visible spectra.
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Figure 2.9. UV-visible spectra of PPy colloids prepared by using
different stabilisers. Monomer
0.3 MFeCl3.

concentration : 0.15 Mpyrrole. Oxidant:

Stabiliser concentration : 0.3 % (w/v).
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CHAPTER 3
ELECTROCHEMICAL SYNTHESIS AND
CHARACTERISATION OF POLY(ACRYLAMIDE)
HYDROGEL / POLYPYRROLE BLENDS

3.1 INTRODUCTION
In this work two dissimilar polymers, poly(acrylamide) and polypyrrole
will be prepared as a composite blend. Poly(acrylamide) hydrogel can
be synthesised by radical polymerisation in aqueous solution (Equation
3.1) and can exhibit dramatic changes in volume due to small changes
in the external conditions168"174. Polypyrrole can be easily prepared
electrochemically as a highly stable, homogeneous conducting polymer
film (Equation 3.2) and has an unique physical property of conducting
electricity. The aim of this work is to produce blend materials which
possess the properties of both components. Although there have been
many investigations on the physical and electrochemical properties of
poly(acrylamide) hydrogel and polypyrrole, respectively, there have
been few studies performed on the behaviour of poly(acrylamide)
hydrogel/polypyrrole blends. Therefore, investigations were made on
the electrochemical and physical properties of these hydrogel
conducting polymer blends synthesised electrochemically in aqueous
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solution using various synthesis conditions. These blends were
characterised by techniques such as cyclic voltammetry75'76, total
equilibrium water content (EWC) measurement

156

, swelling

measurements207 differential scanning calorimetry217, and UV-visible
spectroscopy219'220.

CHj ~ CH"[ C ^ ~ CH ] - CH2 - CH" [ CB, - CH ] CHf

c = o c = o c = o
CB,= CH

NH2

NH

NH,

c =o
1

NH
CH, = CH NH '
* I
I
^
C=0
=
f ° -f I ~ CH^ ~ CH"[ CH2 ~ CH ] ~ CHj ~ CH~ [ CHj ~ CH ] CHf
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rI O
^2
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NH 2
KJH
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H °
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I
2
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NH
l
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I
- CB, ~ CH"[ CB, ~ CH ] - CB, - CH~ [ Cli, ~ CB ] CB/
n

(3.1)
Equation 3.1. Radical co-polymerisation of acrylamide and NN
Methylene bis acrylamide in aqueous solution.
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H

\

H

/n

Equation 3.2. The polymerisation of pyrrole (when n is usually between
2 and 4 and A' is the counterion incorporated during synthesis.

3.2 EXPERIMENTAL
3.2.1 MATERIALS
Acrylamide

( A A m , F.W.71.08,

9 9 % +), 2-Methylene-bis-poly

(acrylamide) ( M B A , F.W.I54.2), Tetramethyl Ethylene Diamine
( T E M E D ) , were purchased from Aldrich Chemical C o (USA).
Acrylamide was recrystallised from acetone and then dried in a vacuum
oven. A m m o n i u m persulfate and N a N 0 3 was purchased from Ajax
(Australia). Pyrrole, para - Toluene Sulfonic Acid Sodium Salt were
purchased from Merck (Germany). Pyrrole was purified by distillation.
Milli - Q water was purged with nitrogen gas to remove dissolved gases
for 10 minutes prior to making up all aqueous solutions.

72

CHAPTER 3

3.2.2 PREPARATION OF HYDROGEL ENCAPSULATED
ELECTRODES
lg of acrylamide monomer was added to 10 m l Milli-Q water ( 1 0 %
monomer/solvent) along with 0.026g of M B A and crosslinker to
synthesise a three dimensional hydrogel network. 40 ml of T E M E D and
0.0lg of a m m o n i u m persulfate were used as catalyst agents. Stainless
steel wire ( # 316, d = approximately 1.5 m m ) was polished using 0.05
(am alumina powder. The monomer solution was poured into a glass vial
(diameter = 1 0 m m , length = 20 m m ) with the stainless steel wire fixed
in the centre. Gelation was carried out at room temperature and occurred
within about 10 minutes in the glass container. After gelation, the
poly(acrylamide) hydrogel encapsulated electrode was removed from
the vial and immersed in a large volume of Milli-Q water for 3 days to
remove

unreacted

chemicals.

The poly (acrylamide)

hydrogel

encapsulated electrodes were then soaked for 20 hours in the same
concentration of monomer solution which was to be used for the
electropolymerisation of polypyrrole (Figure 3.1).
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S.S -«dre (polished
with. 0.05 |im a l u m i n a )

Pre-gel solution
(Acrylamide m o n o m e r ,
with cross-linker,
i nitiator, accelerator)

Gelation

Extraction of
unreacted m o n o m e r

Gel encapsulated
electrode

Figure 3.1. Schematic of hydrogel encapsulated electrode preparation
for the synthesis of hydrogel/polypyrrole by electrochemical
polymerisation.

3.2.3 SYNTHESIS OF POLY(ACRYLAMIDE)/POLYPYRROLE
BLENDS
The preparation of conducting polymer was performed in a specially
designed cell (Figure 3.2 and Figure 3.3) at room temperature under
nitrogen atmosphere using an EG&G Princeton Applied Research
Model 363 Galvanostat/Potentiostat. The polymerisation solution
contained 0.5 M pyrrole monomer and 0.1 M PTS or 1.0 M NaN03 as
counterion for the oxidation of pyrrole. The polymerisation potential
and current passed were monitored using MacLab (AD Instruments) and
Macintosh computer. The poly(acrylamide) hydrogel/polypyrrole
blends were prepared to varying electropolymerisation times (10, 30,
60, 120, 180, 300, 600 min), with different monomer concentrations
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(0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7 M), and type of counterion (NaN03 or
PTS). The PPy was polymerised using either a galvanostatic (0.5
mA/cm2) or potentiostatic (0.80 V vs Ag/AgCl) method. All of the
samples synthesised were washed with a large amount of Milli-Q water
to remove any residual chemicals in the hydrogel/conducting polymer
blend network. In addition, pH of the electrolyte was measured using a
pH meter. 0.5 M Cu(N03)2-5H20 was also added into the pyrrole
monomer and NaN03 mixture before polymerisation for comparison.
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Auxiliary electrode

Nitrogen

Reference electrode

Hydrogel modified
working electrode

Figure

3.2.

Electrochemical

cell for

synthesis

of

the

poly (acrylamide)/polypyrrole blends.

Galvanostat

Computer

Potentiostat

MacLab

Figure 3.3. Diagram

Printer

of electrochemical setup for synthesis of the

poly (acrylamide)/polypyrrole blends.
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3.2.4 ELECTROCHEMICAL PROPERTY MEASUREMENTS
Cyclic voltammetry (CV) of the poly(acrylamide) hydrogel/polypyrrole
blends was performed using a three electrode cell. A BAS 100A, or CV
27 Voltammograph and computer were employed. Stainless steel wire
and stainless steel mesh were used as the working electrode and
auxiliary electrode, respectively. A Ag/AgCl (3.0 M NaCl) was used as
the reference electrode. The gel encapsulated electrode was immersed in
1.0 M NaN03 solution for 18 firs to saturate the gel with electrolyte
prior to conducting the CV experiment.

3.2.5 CONDUCTING POLYMER CONTENT MEASUREMENT
The amount of conducting polymer (PPy) formed in the blends was
determined gravimetrically. The pre-gel solution was poured into ten

pre-weighed cylindrical tubes prior to gelation. After gelation, samples
were dehydrated in a fume hood at room temperature for 24 hours and
then in an oven at 60°C for a further 24 hours. Finally, the sample was
dried to constant weight under vacuum at 50 C for 3 days to determine
the dehydrated weight (Wdh). This weight (Wdh) was found to be within
2.0 % (w/w) of the starting mass of AAm and MBA used. After
electropolymerisation the blends were washed and dehydrated as
described above and weighed. The average weight was obtained from
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the 10 samples (Wdb). This process was repeated for all
electropolymerisation times of 12, 24, 48, and 72 hours.
The percentage weight of CP in the composite was calculated using
Equation 3.3.
/-n/x Wdb -Wdh „^

PPy content(%) =

x 100

(3.3)

3.2.6 EQUILIBRIUM WATER CONTENT AND DEHYDRATION
BEHAVIOUR
After polymerisation, the blends were separated from the electrode and
immersed in a large amount of Milli-Q water for 2 weeks. Once the
blends reached equilibrium, the swollen weight (Ws) of the samples
were determined, after wiping off the surface water carefully to remove
excess water. These were then dried in a fume hood at room temperature
for 24 hours and then by oven at 60°C and then finally dried in a
vacuum oven at 50 C. The weight of the blends were recorded (Wdt) at
regular times until equilibrium was reached (Wd). The equilibrium water
contents (EWC) was calculated using Equation 3.4. In addition, the
instantaneous water content during dehydration was calculated using
Equation 3.5.
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EWC (%) = -J—HI
Ws

x

100

(3.4)
y

)

Water content on dehydration
WHt —

WH

Water content (%) = — — — x 100

(3.5)

Wdt

3.2.1 REHYDRATION BEHAVIOUR
On completion of dehydration measurement, the samples were
immersed in either Milli-Q water or 2.5 % (w/v) NaCl solution to
determine the water uptake capability. The weights of rehydrated
samples were monitored at set intervals of time (Wrt) until equilibrium
was reached (Wr). The water content on rehydration was obtained from
Equation 3.6. Rehydration capacity of the sample was determined by the
ratio of W/Ws (Equation 3.7). The final value is an average of the
results from at least 5 measurements for every sample.

Water content on rehydration
Water content = — x 100 (3-6)
Wrt

Rehydration capacity = — x 100 v>-')
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3.2.8 DIFFERENTIAL SCANNING CALORIMETRY
Differential Scanning Calorimetry (DSC) was used to characterise the
nature of water in hydrogel/conducting polymer blends. DSC
measurements for the blends were carried out as described in Section
2.3.3.

3.2.9 UV - VISIBLE SPECTROSCOPY
The electronic properties of the PPy in the blend were investigated
using UV-visible spectroscopy. Electropolymerisation was carried out
in a cell containing 0.5 M pyrrole monomer and 1.0 M NaN03 aqueous
solution. Prior to electropolymerisation, poly(acrylamide) hydrogel was
cast onto the stainless steel plate (1x3 cm), fixed in the specially
designed UV cell (Figure 3.4) that was used as working electrode. RVC
was used as the auxiliary electrode. The hydrogel was soaked in 1.0 M
NaN03 aqueous solution for 24 hours. Spectra were recorded after
different polymerisation times (60, 120, 180, 300, and 600 minutes)
using a UV-visible spectrophotometer (Model UV-1601, Shimadzu).
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RVC

Light
beam

P A A m hydrogel
Stainless steel plate

Figure 3.4. Electrochemical cell prepared for continuous UV-visible
measurement during the synthesis of hydrogel and polypyrrole blend.

3.3 RESULTS AND DISCUSSION
3.3.1 ELECTROCHEMICAL POLYMERISATION OF PYRROLE
IN A HYDROGEL MATRIX
Changing p H of the m o n o m e r solution during the electrosynthesis of
polypyrrole and poly(acrylamide) hydrogel/polypyrrole blends was
monitored as a function of polymerisation time (Figure 3.5). In the case
of poly(acrylamide) hydrogel/polypyrrole blend, the p H increased more
quickly compared to polypyrrole alone under similar conditions. In the
case of polymerisation of polypyrrole deposition, the p H increased to
10.6 within 60 minutes and then remained constant at 10.5. The p H of
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the electrolyte for the hydrogel. PPy blend increased to 11.6 in the same
period and then reached upto 12.
The increase in pH resulted from the formation of hydroxide ions at the

auxilary electrode. It is believed that the synthesis of the hydrogel blend
causes a more negative potential at the auxiliary electrode and hence a
greater rate of formation of hydroxide ions, compared to the
electropolymerisation of PPy. To overcome the problem of the
formation of hydroxide ions at the auxiliary electrode, Cu(N03)2 was
added to the electrolyte prior to electropolymerisation. The addition of
Cu(N03)2 resulted in the initial pH of the monomer solution decreasing
to pH 4.2 from pH 5.8. More importantly, the pH remained constant for
200 minutes before slowly decreasing to pH 1.9 after 600 minutes. This
is due to the reduction of Cu2+ which produces Cu° instead of OH" at the
auxiliary electrode.
The pH inside the hydrogel was difficult to measure experimentally, so
a thin section of the hydrogel was removed and the pH of this section
was measured using a strip of universal indicator paper. The pH inside
the hydrogel and bulk solution were identical within experimental error
for the whole of the polymerisation time.
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Hydrogel/PPy blend
——o

PPy
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Hydrogel/PPy blend with Cu(N0 3 ) 2
added to the polymerisation solution
—I
1
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Electropolymerisation time (min)
to produce conducting polymer

Figure 3.5. Change of electrolyte solution pH during electrochemical
polymerisation.
The

chronopotentiometric

responses

obtained

for

galvanically

synthesised polypyrrole on the bare electrode and throughout the
poly(acrylamide) hydrogel were similar (Figure 3.6). Both responses
were indicative of the formation of an electrically conducting phase on
an electrode surface as commonly observed for polypyrrole formation.
In both cases, the chronopotentiometric responses showed an increase in
potential (upon pyrrole oxidation) followed by a slow decrease in
potential corresponding to subsequent oxidation/polymerisation. This
decrease is indicative of growth of a conducting phase at the electrode
surface. The final electropolymerisation potential was found to be
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approximately

30

mV

higher

for

the

poly (acrylamide)

hydrogel/polypyrrole blends compared with the pure polypyrrole film.
This was presumably due to the slightly more resistive environment
inside the hydrogel structure compared withfreeelectrolyte solution.

HCP Blend

O.8-1

l>

\

CP
§ 0.4o
PH

0.2 H
0.0

1
10

0

1
1
15
20
Time (min)

1
25

1
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Figure 3.6. Chronopotentiogram monitored during PPy growth on bare
S.S working electrode and poly (acrylamide) hydrogel encapsulated S.S
working electrode.

Formation of the conducting polymer was initiated at the stainless s
electrode and gradually expanded throughout the hydrogel structure
with time. Figure 3.7 (a) shows the extent of this growth at various
polymerisation

times.

Visual

inspection

shows

that

as

electropolymerisation time increases, the polypyrrole content also
increased. For blends synthesised for longer than two hours, the black
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polypyrrole phase had permeated the entire hydrogel network. Despite
this, gravimetric analysis indicated that the polypyrrole content was <5
% (w/w) of the total structure even up to electropolymerisation times of
24 hours. The fact that the polypyrrole phase was able to penetrate the
entire hydrogel network is further indication that the polypyrrole phase
was, in fact, electrically conducting (since new polymer formation will
only occur at a conducting surface). The blends formed by
electropolymerisation of polypyrrole for times longer than 10 hours
were found to have poor mechanical properties. The ingress of water
into these blends occurred to such an extent that the rigid hydrogel
structure was completely compromised Figure 3.7 (b). This excessive
ingress of water may be attributed to increased osmotic effects due to
the increase in polypyrrole (and associated counterion) content. As a
result of the poor mechanical properties of these blends, further studies
were focussed on blends synthesised for 10 hours or less.
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Figure 3.7. (a) Poly (aery almide) hydrogel and the blends prepared
galvanostatically (current density =

0.5mA/cm2 )

electrochemical polymerisation time. Monomer

by varying

solution: 0.5 M pyrrole

andl.0MNaNO3.

Figure

3.7. (b) Poly (acrylamide) hydrogel/PPy blends prepared

galvanostatically (current density = 0.5 mA/cm2) from 10 hours (left)
and 24 hours (right) of electropolymerisation. Monomer
pyrrole and

solution: 0.5 M

1.0MNaNO3.
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Cyclic voltammograms of the poly(acrylamide)/polypyrrole blends
show the characteristic redox responses observed for conventional
conducting polymer films at electrode surfaces. Figure 3.8 shows a
comparison between the cyclic voltammograms obtained for
galvanostatically grown polypyrrole films (Figure 3.8 (a)) and
poly(acrylamide)/polypyrrole blends (Figure 3.8 (b)) under identical
conditions at various polymer growth times. In both cases well defined
polypyrrole redox behaviour was observed at shorter polymerisation
times. At longer times, however, the cyclic voltammetric responses
were less well defined with oxidation waves becoming more positive,
reduction waves becoming more negative and a general "blurring" of
the redox responses. Such behaviour is indicative of increased resistance
and/or sluggish electron transfer as the conducting polymer phases
increases in thickness. This is not surprising given the electrochemical
redox switching properties of polypyrrole. Equation 3.8 shows that
polypyrrole oxidation/reduction must be accompanied by concomitant
ion transport to maintain electrical neutrality within the polypyrrole
structure. If ion movement is sluggish (as is the case with thick films)
then redox switching will also be sluggish. Such sluggishness is
reflected in the cyclic voltammetric responses of both Figures 3.8 (a)
and 3.8 (b) at longer polypyrrole deposition times.
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Figure 3.8. Cyclic voltammograms obtained from PPy (a) and

poly(acrylamide) hydrogel/PPy blends (b) Electropolymerisation time :
(A) 10, (B) 30, (C) 60, (D) 120, (E) 180, (F) 300, (G) 600 minutes.

88

CHAPTER 3
Closer comparison of Figures 3.8 (a) and 3.8 (b) shows that the loss of
well defined redox behaviour occurs at shorter growth times for the
poly(acrylamide)/polypyrrole blends compared with the conventional
films. Again, this is not surprising given that the
poly(acrylamide)/polypyrrole blends are much thicker than the
conventional films. Ion transport in and out of the entire
poly(acrylamide)/polypyrrole blends would be expected to be
significantly more difficult than for the compact films. This is reflected
in the cyclic voltammograms.

Some of the redox switching features are again observed by increasing
the upper potential limit of the voltammetric experiment (compare
Figure 3.8(b) and Figure 3.8 (F) with Figure 3.9. The shift in oxidation
potential up to approximately + 0.60 V is further indication of the
sluggish, resistive nature of the switching process of the
poly(acrylamide)/polypyrrole blends. Maintaining the extended upper
potential limit and increasing the scan rate from 5 mV s"1 to 20 mV s"1
results in an almost featureless cyclic voltammogram (Figure 3.10).
This again is due to the sluggishness of the ion incorporation/expulsion
processes. An increase in scan rate forces the redox processes to occur
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more quickly, however, the ion transport in unable to keep pace thus
resulting in a cyclic voltammogram with very little redox characteristic.

JCX
N
H

A"

X\"* *
N
H

n

J

n
(3.8)

+

JCX
N
H

A" + M + + e"

n

N
H

J

n
(3.9)

where M + is a cation and the counterion A" is less mobile or immobile.
A final point worth noting regarding the redox properties of the
poly(acrylamide)/polypyrrole blends concerns the two processes
outlined in Equation 3.8 and Equation 3.9. Previous studies* have
shown that for simple anions (A"), such as N03" and CI", Equation 3.8 (ie
anion transport) will predominate for relatively thin, porous polypyrrole
films. Conversely, for relatively thick, non-porous films Equation 3.9

(ie cation transport) will predominate. One of the distinguishing features
of cation insertion during electrochemical reduction is the appearance of
a separate reduction wave in the region - 0.60 V to -1.0 V (vs Ag/AgCl).
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Despite the porous structure of the poly(acrylamide) hydrogel/PPy
blends there is evidence of cation exchange processes occurring (Figure
3.9). This indicates that anion transport alone is insufficient (at longer
polymer growth times) to accommodate the redox switching of the
polypyrrole phase when larger amounts of polypyrrole are present.
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Figure 3.9. Cyclic voltammogram of poly (acrylamide) hydrogel/PPy
blend in 1.0MNaNO3

solution at scan rate 5 mVs'1. (Polymerisation

time: lOhr).

Figure 3.10. Cyclic voltammogram of poly (acrylamide) hydrogel/PPy
blend in 1.0 MNaN03
time: lOhr).

solution at scan rate 20 mVs'1. (Polymerisation
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Chronopotentiograms during the growth of polypyrrole within the
poly(acrylamide) hydrogel network using two different counterions
were obtained (Figure 3.11). Electropolymerisation was carried out in a
solution containing NaN03 or PTS as described in Section 3.2.3. It is
known that the sulfonate group in PTS" imparts better physical property
when incorporated into PPy compared to N03". However, because the
ionic size of PTS" is larger than N03", PTS" shows much slower mass
transport throughout the poly(acrylamide) hydrogel network. This is
evidenced by the higher potential attained during electropolymerisation
for PTS" compared with N03".
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Figure 3.11. Chronopotentiogram monitored during electrochemical
polymerisation of hydrogel/polypyrrole blend using two different
anions, N03 and PTS.
Cyclic voltammogram of poly(acrylamide) hydrogel/PPy blend formed
at the stainless steel working electrode using PTS" as dopant ion was
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obtained (Figure 3.12). The voltammogram indicated that the blend was
electroactive with one pair of broad redox peaks appearing at E p(c) = 0.60 V and E p(a) = + 0.20 V. The separation of peak potentials was A E =
E p(a) - E p(c) = 0.80 V. However, in this case the blend was only obtained
after 48 hours of electropolymerisation due to the low ionic mobility of
PTS".

10-

-1°-^ 1 1 1 1 1
-1.0

-0.5

0.0

0.5

1.0

E (V) VS Ag/AgCl

Figure 3.12. Cyclic voltammogram of poly (acrylamide)
hydrogel/polypyrrole blend formed on stainless steel working electrode
using PTS as dopant for 48 hours of electropolymerisation.

The growth of PPy within a poly(acrylamide) hydrogel network using
different pyrrole m o n o m e r concentrations in 1.0 M

N a N 0 3 was

investigated. Chronopotentiograms are shown in Figure 3.13. It can be
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seen that with increasing m o n o m e r concentration, the growing potential
decreased. This is due to the increased rate of diffusion of monomer
within the poly(acrylamide) hydrogel network. However, with further
increases in m o n o m e r concentration beyond 0.7 M , the potential profile
remained unchanged. Under these conditions diffusion is no longer the
controlling step in the polymer growth.
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Figure 3.13. Chronopotentiograms monitored during electrochemical
polymerisation of hydrogel/polypyrrole blend for various pyrrole
monomer concentrations (supporting electrolyte : 1.0

MNaNO^.
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The CVs of blends synthesised with monomer concentrations of 0.3 M
and 0.5 M are shown in Figure 3.14 and Figure 3.15. A higher
voltammetric current was observed with increasing pyrrole monomer
concentration, along with a narrowing of the separation between redox
peaks. However, there was not significant change beyond 0.5 M Py
monomer concentration. It is also observed that the peak shape is
broader at lower monomer concentration and narrower at higher
monomer concentration. These observations indicate that the higher
monomer concentration produces a more electroactive blend,
presumably due to the higher PPy content in the blend.
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IE 2mA

Figure 3.14. Cyclic voltammogram

of poly (acrylamide) hydrogel/PPy

blend prepared galvanostatically on stainless steel working electrode in
0.3 M Py monomer and 1.0 MNaN03

electrolyte (Current density: 0.50

mA/cm2, electropolymerisation time : 3 hours).

Figure 3.15. Cyclic voltammogram

of poly(acrylamide) hydrogel/PPy

blend prepared galvanostatically on stainless steel working electrode in
0.5 M Py monomer

and 1.0 M NaN03

electrolyte Current density: 0.50

mA/cm2, electropolymerisation time : 3 hours).
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3.3.2 WATER CONTENT
Equilibrium water content measurements were carried out as described
in the experimental section. The effect of electropolymerisation time on
the water content of the poly(acrylamide) hydrogel/PPy blend was
investigated (Figure 3.16). The results show that the incorporation of
PPy into the hydrogel has no significant effect on the water content of
the fully swollen hydrogel. This reflects the relatively small amount of
PPy {< 5 % (w/w)} that is incorporated into the blends prepared for 10
hours.
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Figure 3.16. Equilibrium Water Content of PAAm hydrogel and PAAm
hydrogel/PPy Blends with different electropolymerisation time.
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Poly(acrylamide) hydrogel and the PPy blends were dried under
different conditions and the rates of dehydration of the materials are
shown in Figure 3.17. It indicated that there was no significant change
between PAAm hydrogel and PAAm hydrogel/PPy blends. However,
there was a trend to slightly decrease the dehydration rate by increasing
electropolymerisation. This might be retardation in diffusion of water
through the three dimensional network due to the barrier effect of the
PPy formed in the porous hydrogel network.
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Figure 3.17. Dehydration of PAAm hydrogel and PAAm
hydrogel/polypyrrole blends with different drying conditions.

Rehydration tests were carried out in 2 solutions : Milli-Q water and
2.5% (w/v) NaCl solution. The degree of rehydration in each solution
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for the different blends are summarised in Figure 3.18 and Figure 3.19.
The rate of rehydration is slightly different for the different blends.
Samples prepared using longer electropolymerisation times showed a
trend to lower the rehydration rate. This presumably reflects the less
hydrophilic nature of the PPy in the blend.
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Figure 3.18. Rehydration of PAAm hydrogel/polypyrrole blends in
Milli-Q water.
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Electropolymerisation time
to produce conducting polymer
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Figure 3.19. Rehydration of PAAm hydrogel/polypyrrole blends in 2.5
% (w/v) NaCl solution.

The final water capacity of the blends was determined in the two
rehydration solutions (Figure 3.20). The maximum water content
decreased with increasing PPy content for blends prepared up to 10
hours polymerisation time. The results implies that PPy in the blends
affects the water affinity after a dehydration/rehydration cycle. The
reason for this change is not yet known. In all cases the water content
was higher when the hydrogel was rehydrated in salt water.
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Figure 3.20. Rehydration capacity of PAAm hydrogel and PAAm
hydrogel/polypyrrole blends in different solution; water and 2.5 % (w/v)
NaCl.

The nature of the water in the poly(acrylamide) hydrogel and the
poly(acrylamide) hydrogel/PPy blend was investigated with respect to
the electropolymerisation time used (Figure 3.21). It was found that
PPy in the hydrogel network did not significantly affect the free water
content in the blend. However, It was observed that the highly
hydrophilic poly(acrylamide) hydrogel gives the maximum free water
content. The minimum free water content is given by the
poly(acrylamide)/PPy blend prepared for 10 hours of
electropolymerisation. This may be attributed to the higher PPy content
in the hydrogel network which is associated with more bound water.
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Figure 3.21. Free water variation of PAAm

hydrogel and

PAAm

hydrogel/polypyrrole blends.

3.3.3 U V - V I S I B L E S T U D Y
The UV-visible spectra show that the intensity of the peaks increases
with electropolymerisation time indicating the concentration of
polypyrrole in the hydrogel increases with time (Figure 3.22). The
polaron band between 600 and 900 nm is related to the conductivity of
the network and suggests that increasing the polymerisation time
increased the conductivity of the poly(acrylamide) hydrogel/polypyrrole
blend.
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Figure 3.22. UV-visible spectra obtained during electrochemical
polymerisation of PAAm

hydrogel/polypyrrole blends.

3.4 CONCLUSIONS
PPy has been incorporated electrochemically into the acrylamide
hydrogel network. Polyacrylamide hydrogel/PPy blends are redox active
and have conductive properties. However, the kinetics of the redox
switching processes seemed to be retarded at the hydrogel-conducting
polymer blends due to reduced ion mobility within the blends.

The amount of conducting polymer incorporated into the gel network
has contributed to the conductivity of the hydrogel/PPy blends ; The
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amount of PPy in the hydrogel/PPy blend increased with increasing
electropolymerisation time.

The EWC of the blends is very similar to the hydrogel alone. However,
dehydration and rehydration rates were slightly lower with increasing
electropolymerisation time.

It has been found that the pH of electrolyte solution becomes basic
during electropolymerisation. However, the addition of Cu(N03)2 to the
polymerisation solution reduces the pH during electropolymerisation.
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CHAPTER 4
NEW POLYELECTROLYTE DOPANTS FOR
POLYPYRROLE
4.1 INTRODUCTION
In this chapter, the design and synthesis of two types of polyelectrolytes
was undertaken. These were then incorporated into PPy. One of the
polyelectrolytes contained N-isopropyl acrylamide which is known to
induce thermo-sensitive behaviour183. It was hoped that this behaviour
could be imparted to the PPy so as to provide new processing options
for the conducting polymer. The other polyelectrolytes based on
poly(acrylic acid) were expected to produce PPy/polyelectrolytes that
would be more adhesive on metal substrates.

The properties of the polymer have been investigated using
chronoamperometry, cyclic voltammetry and conductivity
measurements. Equilibrium water content (EWC) and dehydration
behaviour were also studied. Rehydration behaviour in different
environments: deionised water and 2.5 % (w/v) NaCl solution was
investigated. A pull-out test222 was performed to measure adhesion of
PPy-polyelectrolytes to metal substrates. UV-visible spectroscopy was
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employed to determine the lower critical solution temperature (LCST)
of the aqueous solution containing poly(NiPAAm) and the PPy colloid
containing poly(NiPAAm).

4.2 EXPERIMENTAL
4.2.1 MATERIALS
N-isopropyl acrylamide (NiPAAM), and 2-acrylamido-l -methyl-1propanesulfonic acid (AMPS), were purchased from Acros Organics
(USA) and then recrystallised from acetone solution. 2.2'- iso butyronitrile (AIBN) was purchased from Tokyo Chemicals Co. (Japan)
and also recrystallised before use. N,N-dimethylformamide (DMF) was
purchased from Fisher Scientific (USA). Acrylamide (AAm), acrylic
acid (AAc), benzoyl peroxide (BPO), dimethyl sulfoxide (DMSO), ethyl
ether, acetone and methanol were purchased from Sigma-Aldrich
(USA). AAm and BPO were purified by recrystallization from acetone
before use. DMSO was purified by vacuum distillation before use.
Pyrrole was purchased from Merck (Germany), and purified by
distillation before polymerisation. Sodium nitrate was obtained from
Ajax (Australia). Indium tin oxide (ITO) coated glass was obtained from
Delta Technologies Ltd.(USA). All aqueous solutions were prepared
from deoxygenated Milli-Q water. K106-unfilled epoxy resin was
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purchased from CiBA-Geigy company (Australia). Stainless Steel(#
316) and Aluminium ( 95%, Si 5%) were purchased from BOC
(Australia).

4.2.2 INSTRUMENTATION
All chronoamperograms and cyclic voltammograms were recorded
using a four channel MacLab from AD Instruments, CV 27

Voltammograph from Bioanalytical System Inc. and a SE/30 Macintosh
computer with Chart v3.2 software (AD Instruments). A PAR 173
potentiostat/galvanostat from Princeton Applied Research, Hewlett

Packard multimeter and a custom built conductivity cell were emplo
for the surface conductivity measurement. The UV-visible analysis
performed using a UV-1601 spectrometer (Shimadzu, Japan).
Gravimetry was performed using an electronic balance (Mettler,
accuracy = 0.1 mg).

4.2.3 POLYELECTROLYTE PREPARATION
NiP AAM containing Polyelectrolytes
NiP AAM and AMPS in various ratios (98/2, 94/6, 90/10, 50/50 mol%)

were dissolved in DMF and then bubbled with N2 for 30 minutes in 25
ml flasks. 0.5 mol% AIBN was also added as an initiator to the
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solutions. The polymerisation was carried out by magnetically stirring
the solution in a temperature controlled bath at 60°C for 18 hours. On
the completion of the polymerisation, the remaining DMF was removed
by rotary evaporation. Acetone was used to extract the pure polymer
from the reactor. The co-polymer was precipitated from acetone in a
large amount of ethyl ether solution and then filtered. The filtration was
conducted using a vacuum pump under N2 atmosphere. The co-polymer
obtained was dialysed for 3 days to remove any remaining monomer
and initiator. The co-polymer solution was then dried (Labconco Freeze
Dry System, USA). The polyelectrolyte was finally obtained as a white
powdery material 3 days after freeze drying. The chemical structure of
the polyelectrolyte was confirmed by !H NMR spectroscopy. This free
radical polymerisation is illustrated in Equations 4.1 to 4.5 inclusive.
Figure 4.1 shows the chemical structure of the thermosensitive
polyelectrolyte. Feed ratios of all the monomers used for the
synthesis of polyelectrolytes was coded in Table 4.1.
litiator: AIBN
CH3
1
I

CH3
i

CH,

i

CH3-- C -N = N - C - CH3
i

CN

•

l

CN
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NiPAAm Monomer: M Ni
A M P S Monomer : M A M
Initiation : M Ni + M A M +I(4.2)
Propagation: IMNJ — M A M • + MNi(m)

•

IMNJ—

M

AM•

+ M

AM(n)

-** IM N j( m+1 )

MAM(n+1) •
(4.3)

Termination :
1) Combination
lMNj(m+1) MAM(n+1) . + !MNi(X) MAM(y) .
IMNi(m+x+i) M A M ( n + y + 1 ) I
(4.4)
2) Disproportionation
I

MNj(m+1) MAM(n+1) • + lMNi(X) MAM(y)
lM Nj ( m+1 )

MAM(n+1)

+ lM Ni(X )

MAM(y)

(4.5)
(CH2 - CH^ (CH2 - CH^

c=o
NH

c=o
7H

CH3 - CH - CH3 CH3" f ' CH3
CH2
(I)
'
V
'
S03—Na+
Figure 4.1. (I) Structure ofpoly(iso -propyl acrylamide-coacrylamido- 2-methylpropane sulphonic acid) polyelectrolyte.
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Acrylic acid containing Polyelectrolytes
Novel terpolymers were prepared using A A c , A A m , and A M P S in
various monomer ratios (70/10/20, 45/10/45, 30/10/60, 20/10/70,
0/0/100 m o l % ) (Figure 4.2). The monomers were dissolved in D M S O in
a 250 ml flask. 0.5 m o l % B P O was added to initiate the copolymerisation which was carried out with constant stirring in the
temperature controlled oil bath at 75°C for 12 hours. O n completion of
polymerisation, D M S O was removed by rotary evaporation. Methanol
was used to remove the pure polymer after synthesis. The terpolymer
dissolved in methanol was precipitated with a large amount of ethyl
ether, and the polymer recovered and purified as described above.

-(CH2 - CH)^
(CH 2 - C H ^
Cf = °
C=O
H
?
NH 2
CH3-C-CH3

^
SO3H

(CH2-CH£COOH

(ID
V

'

Figure 4.2. (II) Structure of poly (acrylic acid-co-acrylamide-coacrylamido-2-methylpropane sulphonic acid) polyelectrolyte.
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Table 4.1. Monomer

Code
PEOl
PE02
PE03
PE04
PE05
PE06
PE07
PE08
PE09

feed ratios for the synthesis of polyelectrolyte.

NiP A A m
2
6
10
50

AMPS
98
94
90
50
100
70
45
30
20

AAm

10
10
10
10

AAc

20
45
60
70

!
\

4.2.4 PREPARATION OF PPY-POLYELECTROLYTES
Polypyrrole deposition occurred potentiostatically from a solution of
0.5M pyrrole monomer and 1.0 % (w/v) polyelectrolyte.
For PPy-poly(NiPAAM-co-AMPS), 3.35g of pyrrole monomer (0.5M)
and 1.0 % (w/v) of poly(NiPAAM-co-AMPS) as a dopant were
dissolved in 100ml of deionised Milli-Q water that had been bubbled
with N2 gas for 30 minutes. The optimal growing potential for the
synthesis of PPy-poly(NiPAAm-co-AMPS depended on the
NiPAAm:AMPS ratio in the polyelectrolyte (Table 4.2). The
electropolymerisation time also varied depending on the
characterisation techniques used. For electroactivity measurements
polymerisation was carried out on a Pt disc (d = 2 mm) for 5 minutes.
For other characterisations, the polymerisation was carried out on a
stainless steel plate (3x4 cm) for 1 hour.
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PPy-polyelectrolytes for UV-visible studies were also prepared
potentiostatically using ITO glass as the working electrode with

different electrochemical polymerisation conditions. The PPy depos

on ITO glass was carried out at + 1.2 V (vs Ag/AgCl) for 5 minutes
PPy-poly(NiPAAM-co-AMPS) and at + 0.8 V (vs Ag/AgCl) for 1
minute for PPy-poly(AAc-co-AAm-co-AMPS), respectively.

In addition, for the adhesion test of PPy-poly(AAc-co-AAm-co-AMPS)
the samples were prepared varying the AAc content (PE05, PE06,
PE09). Stainless steel wire (SA = 1.094 cm2) was used as a working
electrode for this work (Pull-out test).

4.2.5 THERMOSENSITIVE PPY COLLOID PREPARATION

The preparation of PPy colloid dispersion was previously described
Section 2.4. In this case, NiPAAm-co-AMPS 1.0 % (w/v) was used as
stabiliser (or dopant) to induce themosensitive properties.

4.2.6 CYCLIC VOLTAMMETRY

Electroactivity measurement of PPy-polyelectrolytes was carried ou

described in Section 3.2.4. Auxiliary and reference electrodes wer
mesh and Ag/AgCl (3M NaCl), respectively.
«
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4.2.7 CONDUCTIVITY MEASUREMENT
The conductivity measurement was done as previously described in
Section 2.3.1. PPy-polyelectrolytes deposited on a stainless steel plate
were peeled off carefully and then cut into squares (2.5 x 0.5 cm). These
were dried completely in a vacuum oven at 50°C before use.

4.2.8 EQUILIBRIUM WATER CONTENT (EWC) AND
DEHYDRATION
The E W C measurement was carried out as described in Section 3.2.6.
The PPy-polyelectrolyte film deposited on stainless steel plate was
peeled off, dried and weighed (W d ). The E W C and water content on
dehydration was determined gravimetrically and calculated using
Equation 3.2 and Equation 3.3, respectively.

4.2.9 REHYDRATION BEHAVIOUR
The rehydration behaviour in different solutions was investigated as
described in Section 3.2.7. The PPy-polyelectrolyte films were
immersed in Milli-Q water or 2.5% NaCl solution. The water content on
rehydration was calculated using Equation 3.4.
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4.2.10 UV-VISIBLE STUDY
The following polyelectrolyte dopants were used in the UV-visible
experiments: PPy-poly(NiPAAM-co-AMPS) with monomer ratios of
PEOl, PE03 and PE04 : PPy-poly(AAc-co-AAm-co-AMPS) with
monomer ratios of PE06, PE07 and PE09.

4.2.11 LOWER CRITICAL SOLUTION TEMPERATURE
(LCST) MEASUREMENT
1 % (w/v) solution of poly (NiPAAm-co-AMPS) (PE03) was dissolved
in Milli-Q water (pH 7). PPy colloid dispersion was diluted to 0.5 %
(w/v) PPy content in Milli-Q water containing 1 % polyelectrolyte for
this work. Optical transmittance measurements were carried out using a
UV-visible spectrometer at 500nm.

4.2.12 ADHESION MEASUREMENT
PPy-polyelectrolytes were prepared as described in Section 4.2.4. The
polyelectrolyte dopants used were PPy-poly(AAc-co-AAm-co-AMPS)
with monomer ratio of PE05, PE06 and PE09. The adhesion between
stainless steel and PPy was determined with the aid of an Instron 4302
(UK), having a 10 K N load cell. This work was carried out by pulling
the sample captured in epoxy resin at a speed of 10 mm/min (Figure
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4.3). The applied force required to separate the metal and coated
material was measured. At least three measurements were made and
averaged.

Epoxy resin

Figure 4.3. A sample holder used for adhesion test of PPy-poly(AAc-coAAm-co-AMPS)

and

PPy-PAMPS.

4.3 RESULTS AND DISCUSSION
Novel PPy-polyelectrolytes were synthesised potentiostatically in
aqueous

solution. The properties

investigated

by

electrochemical

of resulting materials
and physical

were

characterisation

techniques. The use of polyelectrolytes as dopants for PPy provided the
resulting co-polymer with thermo-sensitive properties and better
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adhesion on metal substrates, as well as relatively high water content
(>50%(w/w)}.

4.3.1 CHEMICAL COMPOSITION OF POLYELECTROLYTES
The ! H - N M R spectra show the characteristic broad peaks of polymer
and also the peaks characteristic of unreacted vinyl monomers were not
detected (Figure 4.4 (a) and Figure 4.4 (b)).

Figure 4.4. NMR peaks obtained from (a) poly (NiPAAm-co-AMPS))
(PE03) and (b) poly (AAc-co-AAm-co-AMPS) (PE7).
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4.3.2 C H R O N O A M P E R O M E T R Y
The chronoamperograms obtained during the electropolymerisation to
produce the PPy-poly(NiPAAM-co-AMPS) are shown in Figure 4.5.
The minimum growing potential that could be used to initiate PPypolyelectrolyte deposition on to the platinum plate was determined
(Table 4.2).
Table 4.2. Minimum applied potentials required for the electrochemical
synthesis of PPy -poly (NiPAAM-co-AMPS).
Code

Growth Potential (V) vs Ag/AgCl

PEOl

1.2

PE02

1.0

PE03

1.0

PE04

0.9

PE05

0.8

With a low A M P S content the polypyrrole could only be deposited at
potentials in excess of + 1.2 V (vs Ag/AgCl). However, as the A M P S
content in the polyelectrolyte increased, this potential decreased.
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monitored

during

electropolymerisation from a solution containing 0.5 M Py and 1 %
(w/v) polyelectrolyte (a) PE04, (b) PEO3. Applied potentials zl.O V (vs
Ag/AgCl).

The chronoamperograms recorded during electrosynthesis of PPy with
poly(AAc-co-AAm-co-AMPS) as dopant were obtained (Figure 4.6).
The chronoamperograms obtained indicated that all polymers grew at +
0.8 V (vs Ag/AgCl). The currents monitored in the chronoamperograms
showed very complex behaviour due to the two anionic groups,
carboxylic ( C O O ) and sulfonic (S03~), in the polyelectrolyte. It seemed
that the formation of PPy-polyelectrolyte is not only affected by the
sulfonic group, but also the carboxylic group in the polyelectrolyte.
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However, polymers containing both A A c and A M P S at higher % grew
most readily, even more readily than 1 0 0 % A M P S .

120-i

11>

1 00 <

80-

-4—'

CD

=3
LJ

60-

^-(2)

^ ~
**-—

f

(3)

40-

{ A\

20-

n
u

I

0

I
20

i

1

60

40

i
80

Time ( sec)

Figure 4.6. Chronoamperogram

monitored while growing PPy-

polyelectrolytes with different AMPS

contents (poly(AAc-co-AAm-co-

AMPS)): (1) PE09, (2) PE08, (3) PE05, (4) PE06. Monomer

and

polyelectrolyte concentration ; 0.5 M / 1 % (w/v water) (Applied
potential: + 0.80 VvsAg/AgCl).

4.3.3 E L E C T R O A C T I V I T Y
The cyclic voltammograms obtained for PPy-pAMPS and PPypoly(NiPAAM-co-AMPS) were

typical of that observed with

polypyrrole containing an immobile anion as dopant (Figure 4.7). The
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cyclic voltammogram of PPy-Poly(NiPAAM-co-AMPS) indicated that
the polymer was electroactive with only one broad redox couple
appearing at Ep(c) = - 0.25 V and Ep(a) = + 0.20 V. The separation of peak
potentials AE = Ep(a) - Ep(c) = 0.45 V. The anodic and cathodic peak
currents were estimated to be + 200 uA and - 200 uA, respectively. The
negative potentials required to complete the polymer reduction are
indicative of a system where cation exchange is predominant according
to Equation 4.7.

/

(4.7)
where M+ represents the cation in the supporting electrolyte. These
results show that for PPy-poly(NiPAAM-co-AMPS), the magnitude of
the current observed decreased compared to PPy-pAMPS. It was also
observed that PPy-poly(NiPAAM-co-AMPS) can be repeatedly cycled
between its reduced and oxidised states within the potential limits
without losing electroactivity.
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Figure 4.7. (1) Cyclic voltammograms of PPy-pAMPS

and (2) PPy -

poly (NiPAAM-co-AMPS) (PE03) in supporting electrolyte
(1.0 MNaN03)

at a scan rate of 100 mV/sec.

Cyclic voltammograms were obtained for the PPy-poly(AAc-co-AAmco-AMPS) polymer (Figure 4.8). A s expected this polymer also showed
similar cyclic voltammograms to that of PPy-poly(NiPAAM-co-AMPS)
since both

contain

voltammogram

large and immobile

dopants. The cyclic

of PPy-poly(AAc-co-AAm-co-AMPS) with higher

p A M P S content indicated that the polymer had well defined redox
peaks appearing at Ep(c) = - 0.40 V vs Ag/AgCl and Ep(a) = -0.10 V vs
Ag/AgCl. The separation of peak potentials A E = Ep(a) - Ep(c) = 0.30 V.
The anodic and cathodic peak currents are estimated to be + 1300 u A
and - 1300 uA, respectively. The results show that with higher p A M P S
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content in the polyelectrolyte the current magnitude increased. Further,
the redox peaks are more clearly defined with higher p A M P S content.
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Figure 4.8. Cyclic voltammograms ofpoly (AAc-co-AAm-co-AMPS);
PE09 and (2) PE06 in supporting electrolyte (1.0 M NaN03)

(1)

at a scan

rate of 100 mV/sec.

4.3.4 CONDUCTIVITY
The electrical conductivity for PPy-poly(NiPAAM-co-AMPS) as a
function of A M P S content in the polyelectrolyte was determined
(Figure 4.9). The conductivity increased sharply with increasing A M P S
content. For A M P S contents higher than 1 0 % there was only a slight
increase in conductivity.
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Figure 4.9. Variation of conductivity of

PPy-poly(NiPAAM-co-AMPS)

polyelectrolytes as a function of AMPS content in the polyelectrolyte
chemical composition.

The conductivity of PPy-poly(AAc-co-AAm-co-AMPS) as a function of
polyelectrolyte composition was also investigated (Figure 4.10). With
increasing AMPS content in the polyelectrolyte the conductivity
increased up to an AMPS feed content of 70%. Using the pAMPS
homopolymer the conductivity of a polypyrrole film was similar to that
of PE06 within experimental error.
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Figure 4.10. The variation in conductivity of polypyrrole films
synthesised with a range of AMPS content in the polyelectrolyte
{poly (AAc-co-AAm-co-AMPS)}.

4.3.5. E W C
The equilibrium water content of the materials was determined as a
function of the chemical composition of the polyelectrolyte (Figure
4.11). It was observed that there was no significant change in the EWC
of the materials. However, the EWC was found to decrease slightly with
increasing AMPS content in PPy-p(NiPAAM-co-AMPS). This trend
may be due to the more hydrophilic property of poly(NiPAAM-coA M P S ) at higher ratios of poly (NiP A A M ) .
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Figure 4.11. Equilibrium Water Content of PPy-poly(NiPAAm-coAMPS) as a function of AMPS content in the polyelectrolyte
composition.

E W C s of PPy-poly(AAc-co-AAm-co-AMPS) are given in Figure 4.12.

The EWC of the materials was similar. However, it can be seen that th
EWC decreased with increasing AMPS content.
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Figure 4.12. Variation in water content of PPy-poly(AAc-co-AAm-coAMPS) as a function of AMPS content in the polyelectrolyte.

4.3.6 DEHYDRATION BEHAVIOUR
The dehydration of PPy-poly(NiPAAM-co-AMPS) and PPy-pAMPS
was investigated (Figure 4.13). It was found that PPy-Poly(NiPAAM-

co-AMPS) dehydrated to a greater degree and at a faster rate than PPypAMPS. In the case of PPy-poly(AAc-co-AAm-co-AMPS) dehydration
behaviour was very similar to that of PPy-poly(NiPAAm-co-AMPS)
(Figure 4.14).

127

CHAPTER 4

c

AMPS mole%
-o-2

Oi

-4-6

4->

-o-50

c
o

u
a>
*•«

re

5

Time (hr)

Figure 4.13. Water content of PPy- poly(NiPAAM-co-AMPS) polymers
during dehydration.
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Figure 4.14. Water content of PPy-poly

(AAc-co-AAm-co-AMPS)

polymers during dehydration.
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4.3.7 REHYDRATION IN DIFFERENT ENVIRONMENTS

The water uptake capability of PPy-polyelectrolytes was investigated

two different solutions : deionised Milli-Q water and 2.5 % (w/v) Na
solution. PPy-poly(NiPAAM-co-AMPS) showed faster and higher
degree of rehydration in both solutions compared to PPy-pAMPS

(Figure 4.15). For both polymers, rehydration was slightly greater in
solutions than in water.
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Figure 4.15. Rehydration behaviour of PPy-poly(NiPAAM-co-AMPS)
(PEOl) and PPy-pAMPS in different solutions: Water and 2.5 % (w/v)
NaCl.
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In the case of PPy-poly(AAc-co-AAm-co-AMPS), similar results to
those obtained for PPy-poly(NiPAAm-co-AMPS) were obtained , but its
degree of rehydration was lower.
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Figure 4.16. Rehydration behaviour of PPy-poly(AAc-co-AAm-coAMPS) (PE06) and PPy-pAMPS in different solutions, Water and 2.5%
(w/v) NaCl.

4.3.8 UV-VISIBLE SPECTROSCOPY

UV visible spectra were recorded to examine the electronic properties of
the PPy-polyelectrolyte materials as a function of AMPS content. The
UV-visible spectra obtained from PPy-poly(NiPAAM-co-AMPS)
indicated that absorbance at higher wavelengths decreased as the
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p A M P S content decreased. The absence of the free carrier tail in the
region of 600-1100 n m for the polyelectrolyte 9 8 % NiP A A M : 2
% A M P S indicates low conductivity (Figure 4.17).
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Figure 4.17. UV-Visible spectra obtained for PPy-poly(NiPAAM-coAMPS) with different pAMPS content.

In addition, the UV-vis spectra for PPy-poly(AAc-co-AAm-co-AMPS)
shows that the most intense free carrier tail was observed when the
polyelectrolyte with the highest p A M P S content was used as the dopant
(Figure 4.18).
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Figure 4.18. UV-Visible spectra obtained for PPy- poly(AAc-co-AAmco-AMPS) with different pAMPS content.

4.3.9 LCST OF PPY-POLY(NIPAAM-CO-AMPS)
The light transmittance of a 1.0 % (w/v) poly(NiPAAm-co-AMPS)
aqueous solution and PPy colloid dispersion containing 1.0 % (w/v) of
poly(NiPAAm-co-AMPS), as a function of temperature, was determined
(Figure 4.19). The transmittance of the polymer solution was almost
100% below 30°C. The transmittance started to decrease sharply at
temperatures above 35°C. The results show that the polyelectrolyte
solutions were considerably sensitive to the change in temperature.

132

CHAPTER 4

0)

o
c
re

E

(A
C
re

Temperature (°C)

Figure 4.19. Plot of transmittance as a function of temperature
obtained (at X = 500 nm)for an aqueous solution containing 1.0% (w/v)
ofpoly(NiPAAm-co-AMPS) (PE03).

4.3.10. A D H E S I O N
The adhesion of PPy-polyelectrolytes formed potentiostatically on the
surface of stainless steel wires was determined (Figure 4.20). An
increase in AAc feed ratio for the synthesis of the polyelectrolyte
resulted in better adhesion to the metal surface. This may be due to the
interaction between the carboxylic group and the metal surface.
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Figure 4.20. Adhesion of PPy-polyelectrolytes.
PPy 1 : Polypyrrole - PAMPS,
PPy 2 : Polypyrrole - poly(AAc-co-AAm-co-AMPS) (PE09),
PPy 3: Polypyrrole - poly(AAc-co-AAm-AMPS) (PE06)

4.4 CONCLUSIONS
N e w polyelectrolytes (PEs) (Poly (NiPAAM-co-AMPS) and Poly (AAcco-AAm-co-AMPS)) were successfully synthesised and incorporated as
dopants into polypyrrole conducting polymers.

PPy-Poly (NiPAAM-co-AMPS) grew at potentials ranging from 0.8 to
1.2 V depending on PEs composition. Higher A M P S content resulted in:
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(l)better defined CVs after growth,
(2)higher conductivities,
(3)lower water content,
(4)lower dehydration, and
(5)lower and slower rehydration.

It was found that poly(NiPAAM-co-AMPS) aqueous solution and PPy
colloid containing poly(NiPAAM-co-AMPS) had thermo-sensitive
property at around 37 °C.

PPy-Poly (AAc-co-AAm-co-AMPS) polymers grew at 0.8V vs
Ag/AgCl. Their electroactivity depended on AMPS content in that
higher AMPS content resulted in larger currents observed during cyclic
voltammetry. The higher AMPS content resulted in PPy polymers with:
(1) higher conductivity,
(2) lower water content,
(3) lower dehydration degree,
(4) slower rehydration rate.

It was observed that PPy-(AAc-co-AAm-AMPS) showed improved
adhesion to the surface of metal compared to PPy-AMPS.
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CHAPTER 5
SYNTHESIS AND CHARACTERISATION OF
PROCESSABLE HYDROGEL / POLYPYRROLE
BLENDS

5.1 INTRODUCTION
M a n y proposed applications of conducting polymers require that they
be formed as a durable coating on various substrates223,224. Similarly,
conducting polymer/hydrogel blends need to be coated onto a substrate
to be used as membranes 225,226 , sensors 5,6,22? and actuators7,8,228,229.

The present study concentrates on developing conducting
polymer/hydrogel blends as corrosion protection coating materials or
membranes. In this application, the coated area is very large and the
coating time can be very short (eg. in continuous coating of wire, rod, or
strip). T h e methods used to prepare conducting polymer/hydrogel
blends and hydrogel-like conducting polymers described in Chapter 3
and Chapter 4 are not suitable for large scale coating operations.
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The preparation of processable conducting polymer/hydrogel coatings
has been investigated and is reported in this chapter. All approaches
investigated used preformed conducting polymer colloids to provide the
conducting polymer phase. Firstly, addition of preformed conducting
polymer colloids to the acrylamide pre-gel solution and subsequent
gelation was conducted. Secondly, thermal crosslinking of a viscous
mixture of poly(acrylic acid) and a glycol compound ("polyester
hydrogel)" was carried out. Thirdly, synthesis of an organic soluble
hydrogel that can be cast from solution ("soluble hydrogel") was
conducted. Finally, simultaneous cathodic electropolymerisation of
acrylamide and electrocoagulation of conducting colloid was conducted
to form the conducting polymer/hydrogel blend on the cathode surface.

These approaches were investigated and the products characterised
using cyclic voltammetry and UV-visible spectroscopy. The equilibrium
water content and de/rehydration behaviour of the polymers were also
determined. The suitability of the process for large scale application was
also assessed in a qualitative manner.
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5.2 EXPERIMENTAL
5.2.1 REAGENTS AND MATERIALS
Acrylamide (AAm), tetramethylethylenediamine (TEMED), polyacrylic
acid (PAAc, M.wt. ~ 450,000), glycerol, poly (vinylalcohol) (PVA)
(M.wt. 30,000-70,000) and FeCl3.6H20 were purchased from Aldrich
Chemical Co (USA). Acrylamide was recrystallised from acetone and
then dried in a vacuum oven. Ammonium persulfate and sodium nitrate
were purchased from Ajax (Australia). Pyrrole and sulfuric acid were
purchased from Merck (Germany) and the pyrrole was purified by
distillation. Poly(ethylene) and poly(e-carprolactone) multiblock
copolymer for the preparation of soluble hydrogel was obtained via
collaboration with Professor Bae You Han's laboratory in KJIST,
Korea. The detailed polymer synthesis process has been published
previously230. Milli - Q water was purged with nitrogen gas to remove
dissolved gases for 10 minutes prior to making up all aqueous solutions.

Stainless Steel (# 316L) and Aluminium Wire (Si 5%) were purchased
from BOC (Australia). Anion exchange membrane (Neosepta) was
purchased from Tokuyam Soda Co.Ltd (Japan).
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5.2.2 INSTRUMENTATION
All cyclic voltammograms and chronoamperograms were recorded
using a four channel MacLab from A D Instruments, a C V 27
Voltammograph from Bioanalytical System Inc and a SE/30 Macintosh
computer

with Chart v3.2 software

( A D Instruments). These

instruments were also employed for the electrosynthesis of the
P P y / P A A m blend. A P A R 173 potentiostat/galvanostat from Princeton
Applied Research, a Hewlett Packard multimeter and a custom built
conductivity

cell

were

employed

for surface

conductivity

measurements.

The UV-visible analysis was performed using a UV-1601
spectrophotometer (Shimadzu, Japan). Gravimetry was carried out using
an electronic balance (Mettler, accuracy = 0.1 m g ) .

5.2.3 PREPARATION OF POLYPYRROLE COLLOID
DISPERSIONS
Surfactant-stabilised polypyrrole colloids were prepared as described
previously (Section 2.4) and then used for the preparation of various
hydrogels and polypyrrole blends.
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5.2.4 PREPARATION

OF PAAM

HYDROGEL AND PPY

BLENDS
The pre-gel solution was prepared as previously reported in Section
3.2.2. Different amounts of PPy colloid (0.6 g and 1.0 g) were dispersed
by mechanical stirring in 10 ml of the pre-gel solution. The mixture was
cast onto a glassy carbon disc (d = 2 mm) before gelation occurred. The
thickness of sample was fixed at 1 mm (Figure 5.1). For water content,
dehydration and rehydration measurements, the blends were also
prepared in large quantities (approximately 6.0 g).

Metal Connector

Sample Holder

Hydrogel
(Thickness J m m )

Figure 5.1. Scheme showing the working electrode used for determining
the electroactivity of the hydrogel/PPy blend.

140

CHAPTER 5

5.2.5 PREPARATION

OF POLYESTER HYDROGEL PPY

BLENDS
Polyester hydrogel was prepared by thermally crosslinking PAAc
(M.wt. ~ 450,000) and glycerol in the mass ratio (1:3). Prior to heating,
PPy colloid was dispersed by agitating with a glass rod. PPy, PAAc and
glycerol paste were dip coated onto a Pt wire, then transferred to an
oven. The crosslinking of PAAc and glycerol in the presence of PPy

colloid was carried out for five hours at a constant temperature of 130°C
(Equation 5.1). Samples for other measurements were cast on to a glass
plate (lxl cm) and then crosslinked by the same procedure.

CH 2 -OH

__ , (CH2-CH^-

i

Heat

-<CH2-CH)n- + C H - O H
^
Dehydrati n
COOH CH2-OH
° * CH-OH O
CH2 — O-C
-(CH2-CH)n

I

C-0-CH2

Equation 5.1. The crosslinking of acrylic acid by glycerol at 130°C.

5.2.6 PREPARATION OF SOLUBLE HYDROGEL AND PPY
BLENDS
A known amount (0.02 g) of organic soluble hydrogel was dissolved in
2 ml of ethanol. PPy colloid was then added. The PPy colloid was
dispersed homogenously using an ultrasonicator for 2 hours. For
electroactivity measurement, 100 ul of the polymer solution containing
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the PPy colloid was placed onto a glassy carbon disc (d = 2 mm) and
then dried at room temperature. The samples for other measurements
were prepared by casting the polymer solution containing PPy colloid
onto a glass plate ( l x l cm).

5.2.7 AAM MONOMER AND PPY COLLOID MIXTURE
PREPARATION
A n electrolyte solution was prepared by dissolving 21.4 g of acrylamide
(3.0 M ) and 0.642 g of methylene-bis-acrylamide (3.0 % (w/w),
monomer/crosslinker) in 100 ml Milli-Q water. Cone. H 2 S 0 4 was added
to the aqueous solutions to make up to a diluted cocentration of 0.025M,
and then stirred for 10 minutes. Polypyrrole colloid was mixed in by
vigorous stirring.

5.2.8 ELECTROSYNTHESIS
Electrosynthesis of P A A m

hydrogel/PPy blend was carried out

cathodically at a constant potential of-3.0 V (vs Ag/AgCl) for 1 hour in
a two compartment cell with a three-electrode system (Figure 5.2). The
two compartments were separated by an anion exchange membrane
(Neocepta). The total volume of electrolyte used was 100 ml.
Aluminium wire (SA = 0.408 cm 2 ) and platinum wire (SA = 1.4 cm 2 )
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were employed as working electrodes after polishing with 0.50 n m
alumina. Ag/AgCl and platinum mesh were used as reference and
auxiliary electrodes, respectively.

Working electrode

Reference electrode
Auxiliary electrode

1

i i « » •

i i • • i

s=y

_c
'*'

|7T?TT?-7TTJ

FTntrrrm

ft

Anion Exchange Membrane

Figure 5.2. Scheme

of the two compartment

cell for synthesis of

poly (acrylamide)/PPy blend.

After filling the cell with a solution containing the monomer (3.0 M
acrylamide) and polypyrrole colloid (content: 0.30 and 0.60 % (w/v)),
nitrogen gas was bubbled through the cell for 30 minutes prior to the
start of polymerisation. Electropolymerisation was carried out for 1 hour
at room temperature.
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5.2.9 ELECTROACTIVITY MEASUREMENT
The electroactivity of the PAAm hydrogel, the soluble hydrogel and the
blend formed on glassy carbon was examined in aqueous solution
containing 1.0 M NaN03. The reference electrode in all voltammetric
measurements was Ag/AgCl in a salt bridge containing 3.0 M NaCl and
the counter electrode was a Pt mesh.

The electroactivity of the polyester hydrogel and the blends was
determined on Pt with a surface area of 0.5 cm2 as the working
electrode.

PAAm hydrogel/PPy blends formed on aluminium and platinum wire by
cathodic polymerisation in 3.0 M acrylamide and 0.60 % (w/v) PPy
colloid mixture was used as a working electrode, respectively. The
thickness of samples formed on both metal surfaces was about 100 um.

5.2.10 CONDUCTIVITY MEASUREMENT
The conductivity of the soluble hydrogel/PPy blend and polyester
hydrogel/PPy blends was determined using a specially designed cell for
the four point probe method (refer to Section 2.3.1).
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5.2.11 EQUILIBRIUM WATER CONTENT (EWC)
The equilibrium water content ( E W C ) values were determined as
previously described in Section 3.2.6, using Equation 3.4. The quoted
values of E W C are the average from at least two measurements for
every sample.

5.2.12 DEHYDRATION AND REHYDRATION MEASUREMENT
Dehydration and rehydration behaviour was examined as described in
Section 3.2.6 and Section 3.2.7. After E W C determinations for the
hydrogel/PPy blends, water content changes for the samples during
dehydration were recorded and calculated by Equation 3.5. The water
content during rehydration of the hydrogel/blends in two different
solutions, Milli-Q water and 2.5% (w/v) NaCl solution, was recorded
and determined by Equation 3.6. The final value reported is an average
of the results from at least two measurements for every sample.

5.2.13 UV-VISIBLE STUDIES
Confirmation of the highly doped state of the conducting polypyrrole
polymer within the hydrogel/conducting polymer blends was obtained
by

UV-visible

spectroscopy

using

a

Shimadzu

UV-

1601 spectrophotometer.
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PAAm hydrogel/PPy blends (polypyrrole content : 0.002, 0.004 or
0.006 % (w/v)) and soluble hydrogel/PPy blends (polypyrrole content:
3, 5 or 10 % (w/w)) were cast onto the inside of the UV-visible cell and
then examined after drying in an oven at 60°C.

In addition, the UV-visible spectra of polyester hydrogel/PPy blends
(polypyrrole content: 1, 5 or 10 % (w/w)) were obtained from samples
formed on ITO - coated glass.

5.3 RESULTS AND DISCUSSION
5.3.1 E L E C T R O A C T I V I T Y O F V A R I O U S H Y D R O G E L

AND

PPY BLENDS
The electroactivity of PAAm hydrogel/PPy blends containing 0.60 %
(w/v) PPy in the network was examined (Figure 5.3). The P A A m
hydrogel/PPy blend showed a typical cyclic voltammogram with a
reduction peak at -0.40 V and oxidation peak -0.10 V, respectively. In
contrast, there were no redox peaks for pure P A A m hydrogel. The
P A A m hydrogel/PPy blend can be repeatedly cycled between its
reduced and oxidised states within the potential limits without losing its
electroactivity.
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Figure 5.3. Cyclic voltammograms

of PAAm

0.5

1.0

hydrogel and

PAAm

hydrogel/PPy blend containing 0.60 % (w/v) PPy colloid. Supporting
electrolyte: 1.0 M NaN03.
PAAm

Scan rate: 5 mVs1

The thickness of the

hydrogel/PPy blend was 1 mm.

The electroactivity of the polyester hydrogel/PPy blends was also
examined using cyclic voltammetry (Figure 5.4). N o redox peaks were
observed when 5.0 % (w/w) PPy colloid was used. However, with
increased PPy colloid content in the blend up to 10 % (w/w), a reduction
peak at + 0.48 V was observed while oxidation peaks appeared at + 0.56
V.
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Figure 5.4. Cyclic voltammograms obtained for polyester hydrogel/PPy
blend with different PPy colloid concentration (5 or 10 % (w/w)) in 1.0
MNaN03, Scan rate : 5 mVs'1.

The less well-defined electroactivity of the polyester hydrogels may be
attributed to poorer dispersion of the PPy colloids in the gel matrix.

Cyclic voltammograms for the soluble hydrogel and soluble
hydrogel/PPy blend containing 10 % (w/w) PPy colloid were also
obtained (Figure 5.5). As expected, the soluble hydrogel did not possess
any electroactivity. However, when PPy colloid was incorporated into
the soluble hydrogel network, redox processes were observed. The total
current density was higher for soluble hydrogels than polyester hydrogel
having the same PPy content (ie. 10 % (w/w)). This again may reflect
poor dispersion of PPy into the paste-like polyester materials.
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Figure 5.5. Cyclic voltammograms obtained for soluble hydrogel
(0.0 %) and soluble hydrogel/PPy blend (10 % (w/w)). Supporting
electrolyte: 1.0MNaN03,

Scan rate: 5 mVs'1.

Cyclic voltammograms for the poly(acrylamide) hydrogel formed
cathodically on aluminium wire are shown in Figure 5.6. A s expected,
negligible

electroactivity

was

observed.

However,

the

cyclic

voltammogram for a poly(acrylamide) hydrogel/polypyrrole blend
formed cathodically at the aluminium wire (Figure 5.7) did indicate
greater current flow as the potential was scanned.
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Figure 5.6. Cyclic voltammograms

obtained for poly(acrylamide)

prepared cathodically on aluminium at a constant potential of-3.0 V
from an acrylamide monomer solution (3.0 M) containing 0.20 % (w/v)
polypyrrole colloid. Supporting electrolyte: 1.0 MNaN03,
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The

cyclic

voltammogram

for

the

poly(acrylamide)

hydrogel/polypyrrole blend grown on Pt is shown in Figure 5.8. The
cyclic voltammetric response of the blend exhibits a better defined
oxidation and reduction responses compared to those obtained when
aluminium was used as a substrate. This m a y be due to less oxide layer
on

Pt

resulting

in

the

production

of

a

more

conductive

poly(acrylamide)/polypyrrole blend structure on platinum.
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Figure 5.8. Cyclic voltammogram for poly (acrylamide)/polypyrrole
blend prepared cathodically on platinum at a constant potential of -3.0
V in acrylamide monomer solution containing 0.6 % (w/v) polypyrrole
colloid. Supporting electrolyte: 1.0MNaN03,

Scan rate: 5mVs'1.
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5.3.2 CHRONOAMPEROMETRY
Chronoamperometric responses during the electrosynthesis of
poly(acrylamide) hydrogel/polypyrrole blends on an aluminium
working electrode were investigated as a function of electrolyte
composition. All the currents monitored were obtained when a constant
potential of -3.0 V (vs Ag/AgCl (3 M NaCl)) was applied to the

electrode. It was found that after an initial increase the reduction cur

decreased with increasing electrosynthesis time (Figure 5.9 (a)) with no
PPy colloid present. This was followed by a more gradual decrease in
current flow and after about 20 minutes the current was almost constant
This is indicative of non-conductive polymer deposition on the
electrode surface which leads to an increase in resistance. When the
polypyrrole colloid concentration in the solution was increased, the
current response displayed similar behaviour but with much higher

reduction currents recorded ((Figure 5.9 (b), Figure 5.9 (c), and Figure
5.9 (d)). It was observed that with increasing polypyrrole colloid

concentration in the electrolyte, the initial reduction current response
was higher and it then decreased more slowly with time. This may be

due to decreased resistance of the electrolyte and slow formation of the
poly(acrylamide) hydrogel/polypyrrole blend because of hindrance from
conducting polymer particles.
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Figure 5.9.

Chronoamperogram

obtained during electrosynthesis in the

following monomer and polypyrrole colloid mixture solutions: (a) 3.0 M
poly(acrylamide) monomer solution, (b) 0.30 % (w/v) polypyrrole
colloid (w/v), (c) 0.60 % (w/v) polypyrrole colloid, (d) 1.20 % (w/v)
polypyrrole colloid.
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5.3.3 CONDUCTIVITY OF VARIOUS HYDROGEL/PPY BLENDS
Conductivity measurements were carried out for various hydrogel and
PPy blends as described in Section 2.3.1. Below 10 % (w/w) PPy
content in the polyester hydrogel, the conductivity was too low to
determine. At 10 % (w/w) PPy content the conductivity for the polyester
hydrogel/PPy blends was 1.4 x IO"5 S cm"1.

In the case of the soluble hydrogel (Figure 5.10) the conductivity
increased with increasing PPy colloid content. In fact, the conductivity
of the blends increased dramatically when the PPy colloid content was
increased from 20 % to 30 % (w/w).
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Figure 5.10. Conductivity of soluble hydrogel/PPy blends with different
PPy colloid contents.
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The electrical conductivity of the PAAm hydrogel/PPy blend could not
be determined after oven drying because the surface resistivity was too
high(>109Qcm"2).

5.3.4 EQUILIBRIUM WATER CONTENT (EWC)
The equilibrium water contents (EWC) determined for the PAAm
hydrogel and the blends with different PPy contents are summarised in
Figure 5.11. All of these blends showed excellent hydrogel properties
with EWC >90 % (w/w). A comparison between pure hydrogel and the
blends shows that there was no significant change between the hydrogel
and the blends. However, increasing the PPy content in the hydrogels
resulted in a slightly decreased EWC. This may be due to the presence
of conducting polymer colloid inhibiting the hydrophilic properties of
the gels.
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Figure 5.11. Equilibrium water content (EWC) of PAAm

hydrogel and

PAAm hydrogel/PPy blends with different PPy colloid content (%, w/v
in pre-hydrogel solution).

The EWCs of the polyester hydrogel and the blends with different PPy
content are shown in Figure 5.12. The polyester hydrogel has a much
higher water capacity compared to the blends. The EWC of the
polyester hydrogel decreased by approximately 20 % (w/w) after
blending with PPy colloid. Very little change in EWC was noted when
the PPy colloid content was increased from 1 % to 10 % (w/w).
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Figure 5.12. Equilibrium water content (EWC) of polyester hydrogel
and polyester hydrogel/PPy blends with different PPy colloid content
(% w/w).

The EWC results obtained for the soluble hydrogel and blends are
shown in Figure 5.13. The EWCs of the blends were lower than that of

the hydrogel alone. Furthermore, an increased PPy colloid content in the
blend resulted in decreased EWC of the soluble hydrogel and PPy
blends. This shows that the EWC of the soluble hydrogel/PPy blend is
dependent on the PPy colloid content in the range of 1.0 % to 30 %
(w/w).
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Figure 5.13. Equilibrium water content (EWC) of soluble hydrogel and
soluble hydrogel/PPy blends with different PPy colloid contents.

The effect of the polypyrrole colloid concentration on the total
equilibrium water content of poly(acrylamide) hydrogel, w h e n the
electrochemical polymerisation method was used for the blends, is
shown in Figure 5.14. The E W C of the poly(acrylamide) hydrogel
prepared electrochemically w a s similar to the chemically prepared
poly(acrylamide) hydrogel

(more

than

9 0 % ) . Comparing

the

poly(acrylamide) hydrogel with poly(acrylamide) hydrogel/polypyrrole
blends, the equilibrium water content slightly decreased with an
increase in polypyrrole colloid concentration in the electrolyte used for
the electrosynthesis. This m a y be caused by increased hydrophobicity of
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poly(acrylamide) hydrogel/polypyrrole blend w h e n more P P y colloid
particles were incorporated in the porous non - conductive matrix.
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Figure 5.14. Water content of poly (acrylamide) hydrogel and the
polypyrrole blends prepared on aluminium wire in acrylamide monomer
solution containing different polypyrrole colloid contents.
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5.3.5 DEHYDRATION

BEHAVIOUR

OF

PROCESSABLE

HYDROGELS AND THEIR PPY BLENDS
The dehydration behaviour of PAAm hydrogel and PAAm
hydrogel/PPy blends is summarised in Figure 5.15. The results indicate
that the dehydration degree and rate for both pure PAAm hydrogel and
the blends were very similar. However, it was observed that the
dehydration was slightly decreased in the presence of PPy colloid in the
hydrogel network. This may be due to retardation of the diffusion of
water through the three dimensional network due to the barrier effect of
the PPy formed in the porous hydrogel network.
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Figure 5.15. Water content of PAAm hydrogel and PAAm hydrogel/PPy
blends with different PPy colloid contents (% w/w) during dehydration.
Drying conditions : ambient air (0-24 hr); fume food at 60°C (24-48
hr); vacuum oven at 50°C (48-72 hr).
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The dehydration of polyester hydrogel and polyester/PPy blends with
various P P y colloid contents was also determined (Figure 5.16). The
rate of dehydration of the blends was slightly lower than that of the pure
hydrogel. This might be due to disrupted swelling caused by the colloid
particles w h e n combined physically with hydrogel.
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Figure 5.16. Water content of polyester hydrogel and polyester/PPy
blends with various PPy colloid contents (% w/w) during dehydration.
Drying conditions: ambient air (0-24 hr); fume food at 60°C (24-48 hr);
vacuum oven at 50°C (48-72 hr).

The dehydration behaviour of soluble hydrogel and the blends with
various P P y colloid contents is shown in Figure 5.17. It was observed
that with increasing PPy colloid concentration in the soluble hydrogel,
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the degree of dehydration decreased. However, the rates of dehydration
were initially similar for all the samples examined.
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Figure

5.17. Water

content of soluble hydrogel and soluble

hydrogel/PPy blends with different PPy colloid contents (% w/w) during
dehydration. Drying conditions: ambient air (0-24 hr); fume food at
60°C (24-48 hr); vacuum oven at 50°C (48-72 hr).

The dehydration behaviour of poly(acrylamide) hydrogel and
poly(acrylamide) hydrogel/polypyrrole blends grown electrochemically
are depicted in Figure 5.18. It was observed that the dehydration degree
for the poly(acrylamide) hydrogel

alone was

higher than the

poly(acrylamide) hydrogel/polypyrrole blends. This behaviour m a y be
related to the more porous non-conductive poly(acrylamide) hydrogel
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matrix and its higher water content. It is assumed that water could
escape easily from their porous network resulting in a higher rate of
dehydration. With increased external temperature, the dehydration
degree was dramatically increased for blends.

Room Temperature (25°C)

PPy content in hydrogel
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Figure 5.18. Water content of poly (acrylamide)/polypyrrole blends
prepared cathodically on aluminium wire in the electrolyte containing
various polypyrrole colloid contents (% w/v). Drying conditions:
ambient air (0-24 hr); fume food at 60°C (24-48 hr); vacuum oven at
50°C (48-72 hr).
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5.3.6 REHYDRATION BEHAVIOUR OF VARIOUS
HYDROGELS AND THEIR PPY BLENDS
Water contents of PAAm hydrogels and PAAm hydrogel/PPy blends
rehydrated in the two different solutions were determined as a function
of the PPy content (Figure 5.19). The rehydration degree of the PAAm
hydrogel was observed to be higher than the blends in both solutions.
These results may be due to the interrupted diffusion of water from the
more aggregated hydrogel network compared to the hydrogel alone.
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Figure 5.19. Water content of PAAm hydrogel and PAAm hydrogel/PPy
blends rehydrated in different solutions ((W): water, (S): 2.5% (w/v)
NaCl solution).
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The water content of polyester hydrogel and blends rehydrated in water
as well as 2.5% NaCl were determined as a function of time (Figure
5.20). In general the extent of rehydration of the blends was lower than
that of the hydrogel alone. This reflects the difference in EWC reported
earlier. For the blends, higher PPy content tends to reduce the
rehydration rate. The other observation is that rehydration in salt
solution is slightly higher than in water. This may be due to the
dissociation of Na+ and CI" ions in the salt solution.
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Figure 5.20. Water content of polyester hydrogel and polyester
hydrogel/PPy blends rehydrated in different solutions ((W): water, (S):
2.5% (w/v) NaCl solution).
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The variation of water content of the soluble hydrogel and blends during
rehydration is given in Figure 5.21. The rehydration rate of the blends
decreased with increased PPy content in the hydrogel network.
However, both materials had a slightly higher degree of rehydration in
salt solution than in water.
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Figure

5.21. Water

content of soluble hydrogel and soluble

hydrogel/PPy blends in different solutions ((W): water, (S): 2.5 % (w/v)
NaCl solution).

The rehydration behaviour of P A A m and P A A m / P P y blends formed
cathodically on aluminium wire are shown in Figure 5.22. It was
observed clearly that the rehydration rate decreased with increased

166

CHAPTER 5
polypyrrole

colloid

content

in the electrolyte

used

for the

electrosynthesis. This behaviour is due to the conductive material which
imparts more hydrophobic and rigid properties to the poly(acrylamide)
hydrogel network. Furthermore, rehydration of the samples was slightly
higher in 2.5 % (w/v) NaCl solution than in water. This may be due to
dissociated Na+ and CI" ions in the salt solution which causes a more
swollen hydrogel network (weak osmotic pressure ).
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Figure 5.22. Rehydration behaviour of poly (acrylamide)/polypyrrole
blend prepared cathodically on aluminium wire in the electrolyte with
various polypyrrole colloid contents.
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5.3.7 UV-VISIBLE SPECTRAL STUDIES
The UV-visible spectra obtained for P A A m hydrogel/PPy blends
containing different PPy colloid contents (0.0020, 0.0040, 0.0060 %
(w/v)) are shown in Figure 5.23. It was observed that the blends have
free carrier tails in the region 600 - 1100 n m . This indicates that they are
conductive. With increasing PPy colloid content, the intensity of the
free carrier tail increased.
2.5 -t

0.006%
1.5 (A
<
0.004%
0.002%

-+300

400

500

600

700

800

-f900

1000

1100

Wavelength (nm)

Figure 5.23. UV-visible spectra of PAAm hydrogel/PPy blends with
different PPy colloid contents.

The UV-visible spectra of polyester hydrogel/PPy blends containing
different PPy colloid contents (1, 5, 10 % (w/w)) (Figure 5.24) showed
that the conductivity increased with increasing PPy colloid content in
the hydrogel network. The presence of the free carrier tail in the 600 -
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H O O n m region indicated this. The UV-visible spectra obtained for
soluble hydrogel and blends (Figure 5.25) also indicated that again
conductive composites were obtained, as evidenced by. the presence of
the free carrier tail in the 600 - 1100 nm range.
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Figure 5.24. UV-visible spectra of polyester hydrogel/PPy blends with
different PPy colloid contents.
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Figure 5.25. UV-visible spectra of soluble hydrogel/PPy blends with
different PPy colloid contents.

5.4 CONCLUSIONS
P A A m hydrogel and PPy blends have been successfully prepared using
simple blend techniques. The P A A m hydrogel shows electroactivity
after the addition of PPy colloid to the network. The total equilibrium
water content and swelling properties are not affected by the presence of
PPy colloid in the hydrogel network. UV-visible spectral studies show
that an increased PPy colloid in the hydrogel network results in better
conductivity.
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Polyester and soluble hydrogels have been successfully blended with
PPy colloid using mechanical methods. A PPy content of 10 % (w/w) to
30 % (w/w) could be obtained.

The blends are electroactive and their conductivities increase with
increasing PPy colloid content. However, as the colloid content in the

blends increases, their water content as well as the extent of dehydration
and rehydration decreases.

PAAm hydrogel and PPy blends can be synthesised simultaneously by
electrochemical methods. They possess similar physical and
electrochemical properties to other hydrogel/PPy blends studied.
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CHAPTER 6
HYDROGEL/PPY BLENDS FOR
ANTI-CORROSION APPLICATION

6.1 INTRODUCTION
Metal corrosion depends on at least two reactions. The first is metal

oxidation and dissolution, for example, iron corroding in water at room
temperature as described by Equation 6.1.
Fe->Fe2+ + 2e" (6.1)

As electrons are lost by the oxidation reaction, there is another cath
reaction occurring simultaneously. This may be attributed to three
possible reactions as described by Equations 6.2, 6.3, and 6.4.
Hydrogen reduction in acid,
2H+ + 2e" -> H2(gas) (6.2)
Oxygen reduction in acid
02 + 4H+ + 4e" -» 2H20 (6.3)
Or Oxygen reduction in base
02 + 2H20 + 4e" -> 40H" (6.4)
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These reactions can be influenced by externally applied factors such as
imposed currents and potentials. These reactions can be illustrated as a
straight line where the potential is plotted against the log of the reaction
rate (Figure 6.1). The straight line relationship was first noted by
Tafel231 and the slope of the reaction is called the "Tafel" slope. As
electrochemical reactions involves electron transfer, the rate of a
reaction becomes equivalent to the current flow.

c
ca
O

c.

Log Reaction Rate, i

Figure 6.1. Evans diagram for steel in an acid.
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6.1.1 EVANS DIAGRAM
As charge arising from the redox reactions cannot accumulate on a
metal surface, the electrons generated by the anodic reaction are
consumed by the cathodic reaction and this is observed in the Tafel
region of an Evans diagram where the anode and cathode reaction lines
cross (Figure 6.1). At this point the rate of the anodic reaction, the
corrosion rate, equals the rate of the cathodic reaction, in this case
hydrogen generation. This rate is called the open-circuit corrosion
current density, abbreviated zcorr, the potential at which the lines cross is
called the open-circuit corrosion potential, abbreviated Ecorr. Any
corroding metal should, under open-circuit conditions, attain a potential
(Ecorr) and corrode at a rate (/corr )which can be predicted from the Evans
Diagram. The value of Ecorr depend on the temperature of the solution,
concentration, surface conditions (ie oxides) and applied potentials. The
cathodic curve is a function of the type of reduction reaction, the type of
surface on which that reaction takes place, the concentration of reacting
species, and other factors most of which are dependent on the
environment to which the metal is exposed. A typical Evans Diagram
obtained from potentiodynamic anodic polarization is illustrated in
Figure 6.2.
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Figure 6.2. Illustration of typical Evans Diagram obtained from
potentiodynamic anodic polarization (Ref. 231 ).

6.1.2 CONDUCTING POLYMERS AS ANTI -CORROSION
MATERIALS
The use of electronically conductive polymers (CEPs) as corrosion
protection coatings has been studied by a number of research
groups232"235. A number of publications also indicate that conductive
polymers, such as polyaniline and polypyrrole, may provide useful
levels of corrosion protection to mild steel in certain environments236-240
Conducting polymers can be considered to be useful for anti-corrosion
applications in two ways. Firstly, the reversible redox properties of the
polymer may facilitate the formation of passivating oxide coatings at a
steel surface241. Secondly, the dopant anion can potentially function as a
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corrosion inhibitor, as it can be released when the substrate metal begins
to corrode.

This chapter reports on the study of hydrogel and polypyrrole blends
used as coating materials for aluminium and stainless steel as an anticorrosion primer. The various hydrogels described in Chapter 5 were
used in this study. In addition, adhesion tests were carried out to
determine the polymer binding strength to the metal.

6.2 EXPERIMENTAL
6.2.1 MATERIALS
Acrylamide ( A A m ) , methylene-bis- acrylamide ( M B A ) , tetra methyl
ethylene

diamine

(TEMED),

acrylic

acid

(AAc),

glycerol,

Fe(N0 3 ) 3 .9H 2 0, and polyvinyl alcohol (PVA, M . W . 30000-70000) were
purchased from Aldrich (USA). Acrylamide was recrystallised from
acetone solution and then dried in vacuum oven. Poly(ethylene) and
poly(s-carprolactone) multibolck

copolymer

were

obtained in

collaboration with Professor Y o u H a n Bae's laboratory (KJIST, Korea).
Pyrrole, p-toluene sulfonic acid sodium salt (NapTS) and NaCl were
purchased from Merck (Germany). K106-unfilled epoxy resin was
obtained from Ciba-Geigy (Australia). Stainless Steel (grade 316L) and
Aluminium ( Si 5 % ) were purchased from B O C (Australia).
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6.2.2 INSTRUMENTATION
A galvanostat/potentiostat EG&G PAR 273A with M270 Research
software and PC computer was used for corrosion measurement. Instron
4302 and PC computer with 4302 Acquisition System was used for the
adhesion test.

6.2.3 METAL SURFACE PRE-TREATMENT
The aluminium test sample panel was covered with epoxy (thickness =
2 mm) having an exposed surface area of 4.0 cm2. The exposed metal
was then polished using abrasion paper (SiC P600). An aluminium wire
with a surface area of 1.5 cm2 was prepared under similar conditions.
For the adhesion test, the aluminium wire (<|> = 2.4 mm, L = 1.40 cm)

and stainless steel wire (<|> = 1.60 mm, L = 1.40 cm) were polished usin
P600 grit paper, then degreased with acetone.

6.2.4. POLYPYRROLE COLLOID PREPARATION
The polypyrrole colloids used in the hydrogel blends were synthesised
by the procedure outlined in Section 2.4. However, in this study
Fe(N03)3.9H20 was employed as the oxidant instead of FeCl3. This

substitution was carried out as the chloride ions are known to accelerat

177

CHAPTER 6
the corrosion rate. T h e inhibitor, 1.0 M N a p T S , w a s added to the
reaction mixture to further improve the anti-corrosion properties of the
colloid.

6.2.5 PREPARATION OF PAAM H Y D R O G E L AND PPY BLEND
The PAAm hydrogel/PPy blend was prepared as described in Section
5.2.4 and cast onto a horizontal aluminium plate (Figure 6.3 (a)). To
evaluate the corrosion protection, a pin-hole (d = 1.2 mm) was drilled
through the coating until bare metal was exposed (Figure 6.3 (b)).
The PAAm hydrogel test sample was then immersed for five hours in
copious amounts of distilled water to remove residued chemicals. Prior
to gelation, the PPy colloidal dispersion (1.0 % w/v) was added into the
pre-hydrogel solution.

Connector

4>=1 .2 m m
Hydrogel
f-Aluminum plate
Epoxy
Connector

(a)

(b)

Figure 6.3. Illustration a typical cell set up, (a) hydrogel modified
metal substrate in petri dish (b) side view of working electrode.
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Since the water content of the hydrogel is likely to affect the corrosion
rate, samples were tested with quite different water contents. T w o
P A A m hydrogel/PPy blends cast on an aluminium wire and dried in a
vacuum oven for three days. After dehydration, one test sample was
immersed in Milli-Q water for three days to reach an equilibrium water
content ( E W C = 92 % w/w), while the other was immediately tested
under the same conditions.

6.2.6 PREPARATION OF POLYESTER HYDROGEL AND PPY
BLENDS
The polyester hydrogel and its blend was prepared as described in
Section 5.2.5. Then a sample containing 10 % (w/w) PPy colloid doped
by Fe(N0 3 ) 3 was cast onto an aluminium sheet embedded in epoxy
resin. Finally, the PVA/glycerol mixture was crosslinked in a drying
oven at 130°C for five hours to produce the polyester hydrogel.

6.2.7 PREPARATION OF SOLUBLE HYDROGEL AND PPY
BLENDS
The soluble hydrogel was prepared as described in Section 5.2.6. The
pre-gel solution contained 3 0 % PPy colloid doped by Fe(N0 3 ) 3 which
was cast onto an aluminium sheet embedded in epoxy resin and dried at
60°C for one day.
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6.2.8 CORROSION MEASUREMENTS USING EVANS
DIAGRAMS
The potential at the hydrogel coated aluminium working electrode was
scanned over the range from - 0.50 V to + 2.0 V (vs Ag/AgCl) (scan rate
5 mV/sec) in 100 p p m CI" (NaCl, p H 7). The electrochemical cell used
was a three electrode system (Figure 6.4).

Reference Electrode

Figure 6.4. Electrochemical cell for corrosion measurement.

6.2.9 ADHESION MEASUREMENTS
This test was carried out as described in Section 4.12. It was conducted
at least five times to obtain an acceptable average value of test samples.
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6.2.10 ENCAPSULATION OF HYDROGEL AND PPY BLEND
COATED TEST SAMPLE
For adhesion measurements hydrogel/PPy blends were cast onto metal
substrates. The P A A m hydrogel and the corresponding blend were
coated on aluminium (SA = 1.145 cm 2 ) and stainless steel (SA = 0.74
cm 2 ) wires. Samples were then dried for seven days at room
temperature. The soluble hydrogel, polyester hydrogel and their
respective blends were also treated similarly. The metal wires were then
encapsulated in the epoxy resin to a constant depth and cured for three
days at room temperature. (Figure 6.5 (a) and (b)).

Epoxy resin

i
1.4 cm

J

(a)

(b)

Figure 6.5 Illustration of sample preparation (a): Free standing
hydrogel coated metal wire (b): hydrogel encapsulated metal wire in
epoxy resin.
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6.3. RESULTS AND DISCUSSION
Preliminary investigation using potentiodynamic methods showed that
the approach of P A A m hydrogel/conducting polymer blends had
slightly improved corrosion protection on aluminium. However, it was
found that polyester hydrogel and soluble hydrogel did not have an
effect on the anodic corrosion protection on aluminium.

It was also found that PAAm hydrogel and polyester hydrogel were
strongly adhesive to aluminium and stainless. However, it was observed
that when PPy was incorporated into the network the adhesion force
decreased.

6.3.1 CORROSION PROTECTION
The Evans diagram for bare aluminium in 100 p p m NaCl solution is
shown in Figure 6.6. A corrosion potential (Ecorr) value at -650 m V was
obtained and icon was IO"6 A/cm 2 . N o evidence of passivation was
observed up to 2 V.
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Figure 6.6. Evans diagram of bare aluminium.

Evans diagrams were also obtained for Al coated with P A A m hydrogels
blend and with or without a pinhole in the coating. Compared with bare
Al the coated sample without a pinhole (Figure 6.7 (a)) shows a reduced
icon, but similar Ecorr. The reduction in corrosion current by 3 orders of

magnitude demonstrates that the coating is acting as a barrier even in its
hydrated form.
When a small pinhole is introduced into the hydrogel coating (Figure
6.7 (b)), the corrosion rate increased (icon ~5 x IO"6 A/cm2) relative to
the uncoated Al. Since the exposed metal surface area is much smaller
in the coated sample, this increase in the corrosion rate may be due to
differential aeration and direct contact of medium with the bare metal.
Subsequently, the formed corrosion product, Fe203, insulates, or
inhibits substrate from further corrosion. The stability of the formed
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insulating coating is dependent on p H . e.g. if p H decreases, then the
Fe203 dissolves and corrosion rate increases. On the other hand, if pH
increases towards alkaline conditions, the insulating layer of corrosion
product stabilised and no further corrosion takes place.

Figure 6.7 (a)
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Figure 6.7(b)
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Figure 6.7. (a) Evans diagrams of PAAm
PAAm/PPy

hydrogel without pinhole (b)

blend doped by Fe(No3)3 (PPy content = 1.0%, w/v) coated

on aluminium (with pin hole).
Differences in corrosion rate are also observed in comparing the sample
coated with PPy/hydrogel blend with the Al coated with hydrogel only
(Figure 6.8) (both containing pinholes). The PAAm coated Al showed a
corrosion current of 5 x 10"5 A/cm2 which is slightly higher than the
bare Al. This result is consistent with the pinhole causing local
corrosion acceleration. As seen in Figure 6.7 b a lower corrosion
current was observed for the PAAm/PPy(N03") coated sample (5x10"
6

), indicating that the PPy is inhibiting the metal corrosion at the pin

hole.

The

drop in corrosion current density over time is due to substrate

passivation or formation of A1 2 0 3 insulating layer. Once the oxide has
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stabilised or grown to a certain thickness the anodic current density
becomes relatively constant. This phenomenon occurs at anodic
potentials as PPy is more anodic than aluminum . Generally, this anodic
reaction occurs above the Ecorr of Al.

Figure 6.8
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Figure 6.8. Evans diagram of PAAm coated on aluminium (with
pinhole).
The effect of the type of counterion incorporated into the PPy on the
corrosion of Al is shown by comparing Figure 6.7 b and Figure 6.9. A
slightly higher /corr was observed for the CI" doped PPy (Figure 6.9)
compared with the N03" doped PPy. It was also observed that the
current measured at anodic potentials (> Ecorr) was much higher for
PPy/Cl than for PPy/N03. This suggests either that the PPy/N03
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promotes passivation of the Al surface at these potentials (as also note
for the PAAm coated Al). Alternatively, the rate of oxidation of PPy/Cl
could be higher than the oxidation of PPy/N03 at these potentials. This
may be due to differences in conductivity. In addition, the anions, CI"
and N03", may determine polymer porosity. The more porous blends
containing N03", may yield lower corrosion rate as oxygen is needed
passivation purposes.

Figure 6.9
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Figure 6.9. Evans disgram of PAAm hydrogel/PPy blend doped by
FeCl3.

The Evans diagrams for aluminium coated with PAAm
hydrogel/PPy(N03) blends having different water contents (0 % and 92
% (w/w)) were obtained in 100 ppm NaCl solution (Figure 6.10).
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Comparing the dehydrated sample (6.10 (a)) with the freshly prepared
sample (Figure 6.7 (a) shows a decreased corrosion rate after drying.
This may be due to improved barrier protection by the dried coating
(note the corrosion test was completed before any significant
rehydration of the coating occurred) or due to passivation of the pinhole. The latter mechanism is supported by the Evans diagram for the
fully rehydrated sample (6. 10 (b)) which shows a further reduction in
iCQn to a value similar to that obtained for a similar coating without a
pinhole. Thus, it appears that the PPy(N03) stimulates passivation at
the pin hole.
Figure 6.10(a)
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Figure 6.10(b)
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Figure 6.10. The Evans diagram of PAAm hydrogel/PPy'(NO J blend
(a) dehydrated and (b) rehydrated on aluminium.

The Evans diagrams for polyester hydrogel and its PPy(N03) blend
coated on aluminium (with pinholes) were obtained in 100 p p m NaCl
solution are shown in Figure 6.11. It was found that the polyester
hydrogel and the PPy blend coated aluminium showed similar results in
terms of Ecorr and icon to the bare aluminium. This result suggests that
these coatings did not act as effective barriers and the blend did not
significantly passivate the pinhole. This is possibly due to a higher
amount of PPy contained in these blends ( 1 0 % vs 1 % in P A A m blends).
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Figure 6.11(a)
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Figure 6.11(b)
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Figure 6.11. (a) Evans Diagrams of polyester hydrogel coated on
aluminium and (b) polyester hydrogel/PPy blend (PPy content = 10%)
coated on aluminium.
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The Evans diagrams for the soluble hydrogel and PPy(N0 3 ) blend (with
pinholes) were obtained in 100 ppm NaCl solution and are shown in
Figure 6.12. The corrosion rate for the Al coated with soluble hydrogel
is lower than that observed for PAAm and polyester hydrogels. The
increase in icorr and Ecorr of the soluble hydrogel/PPy blend compared to
the soluble hydrogel only coating indicates corrosion acceleration
resulting from PPy-Al galvanic coupling. For these blends the PPy
content was much higher (30%) and this higher loading may induce a
higher corrosion rate.

Figure 6.12(a)
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Figure 6.12(b)
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Figure 6.12. (a) The Evans diagram of soluble hydrogel and
soluble hydrogel/PPy blend (PPy content =

30 %)

(b)

coated on

aluminium.

Table 6.1 summarises the corrosion test results based on Evans
Diagrams for the different hydrogel blends.
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Table 6.1. Mixed potential of various hydrogel and the blends coated
on aluminium (with pinhole, except where indicated)
Sample
Bare Al

Ecorr ( m V )

icou (A/cm 2 )

-650

1 x IO"6

PAAm

-550

5 x IO"5

650**

PAAm/PPy(N03")
PAAm/PPy(N03)*
PAAm/PPy(Cl)

-450

5 x IO"6

500

-700

1 x IO"9

150

-750

7 x IO"5

—

Polyester hydrogel ( P H G )

-600

1 x IO"6

—

PHG/PPy(NGy)

-580

1 x IO"5

—

Soluble hydrogel ( S H G )

-550

5 x IO"7

—

SHG/PPy(N03)

-450

1 x IO"5

—

Epass(mV)
—

1

* N o pinhole
** See Figure 6.10(b)

6.3.2 D I S C U S S I O N
The results of corrosion testing of aluminium coated with hydrogels
(PAAm, soluble and polyester) and their blends PPy showed a number
of distinct trends :
• Corrosion was inhibited in the PAAm/PPy(N03) blend.
• CI" as a counterion increased the corrosion rate.
• PPy(N03) addition to soluble and polyester hydrogels caused an
increase in corrosion rate.
Considering the respective E° values of Al and PPy, it would be
expected that their galvanic coupling would cause an increase in the

corrosion rate of the metal. Such a process is illustrated in Figure 6.
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(mixed potential diagram). The reduction of PPy increases the total
reduction current that must be matched by an increased rate of (metal)
oxidation. However, in the case of a passivating metal (such as Al) the
increased oxidising power of the environment can actually promote the
formation of a passive layer. This layer causes a reduction in the
corrosion rate. It is believed that this is the reason why the
PAAm/PPy(N03) blend has a lower corrosion rate than the PAAm
coated Al.

When CI" is used as the counterion the passivating effect can be
neglected. CI" ions are known to disrupt passive oxide layers. Thus, the
release of CI" by the reduction of PPy may interrupt the passive layer

that is forming at the pinhole. The result is a higher corrosion rate for
PAAm/PPy(Cl") coated Al compared with PAAm/PPy(N03") coated
aluminium.

The reason for the lack of protection shown by PPy blends with the
soluble and polyester hydrogels may be associated with the higher
content of PPy incorporated into these systems whereas the PAAm/PPy
blend contained only 1% (w/v) PPy, the soluble hydrogel/PPy had 30 %
(w/v) PPy and the polyester/PPy blend had 10 % (w/v) PPy. With a
higher PPy content the oxidising power of the environment increases.
The higher oxidising power can cause an increase in corrosion rate of

CHAPTER 6

passivating metals, as they enter the transpassive state. The passive
oxide layer is destroyed by the oxidisers and pitting corrosion follows.

Thus, it appears that low contents of PPy in the hydrogel blend are
beneficial for corrosion protection. However, higher levels of PPy can
cause acceleration of corrosion. To assess this theory, blends should be
prepared with different PPy levels and the same hydrogel matrix. Such a
study has not been conducted at this stage.

6.3.2 ADHESION OF HYDROGEL/PPY BLENDS ON METAL
Adhesion for the PAAm hydrogel and the blends were observed using
the pull-out test (Figure 6.13). The PAAm hydrogel had a higher break
point compared to the blend. The 20% reduction in strength of the blend
is within the normal error expected for this type of adhesion test.
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Figure 6.13. The breaking points of the PAAm

hydrogel and PPy blend

cast on aluminium.

In the case of the polyester hydrogel, the force vs extension curves are
given in Figure 6.14. This hydrogel showed m u c h more ductile
behaviour than the P A A m hydrogel and the blend. Very little difference
was observed between the polyester hydrogel and the PPy/polyester
hydrogel blend. The former showed a slightly higher extension at break.
800
Polyester hydrogel

700 600
500

Polyester hydrogel/PPy blend

400 +

o
300
200 +
100
0

250

350

450

550

650

750

850

Extension ( m m )

Figure 6.14. The breaking point of polyester hydrogel and the PPy
blend cast on aluminium.
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The force vs extension curves of the soluble hydrogel and its blends are
shown in Figure 6.15. The plots shows m u c h lower adhesion values in
comparison to other hydrogels and brittle fracture was observed, as in
the case of the P A A m hydrogel.
200
Soluble hydrogel

Soluble hydrogel/PPy blend

180
160
140
120

u

100
80
60
40
20
•,/A NAA/-

0

120

170

220

270

320

Extension (mm)

Figure 6.15. The variation of breakpoint of soluble hydrogel and the PPy ble
on aluminium.

The variation of adhesive strength between different hydrogels is
summarised in Figure 6.16. A s all three samples have inevitably

different thickness, it is not possible to accurately compare the data. I
the cases of polyester hydrogel and bare aluminium it was observed that
adhesion was greater than strength of wire due to the breaking of
aluminium on process. However, observations indicates that P A A m and
polyester hydrogel can be useful as a coating material even after
blending with PPy. Compared to the adhesion of epoxy to bare Al, the
P A A m and polyester hydrogel systems give equivalent adhesion. In
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contrast, the soluble hydrogel adhesion is very low, perhaps due to poor
wetting of the metal.
1000 j

900
800 -700 -j

z

600

CD
U

500

o

400 -

LL

300
200 100 -

PAAm

PAAm/
PPy

SHG

SHG/
PPy

PHG

PHG/
PPy

Al

Figure 6.16. Adhesion variation between aluminium and hydrogel and
hydrogel/PPy blends. (PAAm
soluble hydrogel, PHG

: poly (acrylamide) hydrogel, SHG

:

: polyester hydrogel, PPy : polypyrrole, Al :

aluminium).

The adhesion test was also carried out on a stainless steel wire under
same experimental conditions. Prior to this work, the adhesion for two
bare metal wires, stainless steel and aluminium, encapsulated in epoxy
resin were determined by the pull-out test (Figure 6.17). The data
indicates that the bare stainless steel was more adhesive for epoxy resin
(approximately 100N) relative to the bare aluminium.
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Figure 6.17. The adhesion of aluminium and stainless steel wire
in epoxy resin.

Adhesion for the PAAm hydrogel and the blends were observed during
the pull-out test (Figure 6.18). Results showed similar trends to the case
of aluminium. However, the materials cast on stainless steel was more
adhesive compared to aluminium. A s expected, pure hydrogel gave
slightly higher adhesive strengths.
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P A A m hydrogel/
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yi

\
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z
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Figure 6.18. The breaking point of PAAm

hydrogel and PPy blend cast

on stainless steel.
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The adhesive forces for polyester hydrogel and P P y blend cast on
stainless steel wire was obtained (Figure 6.19). It was observed that the
polyester hydrogel and PPy blends was most adhesive compared to
other hydrogel and PPy blends. No evidence of yielding was observed
with SS wires and the polyester hydrogel even through the force applied
was greater than the test involving Al wire. Thus, the ductility noted in
Figure 6.14 must be attributed to yielding of the Al wire and not of the
hydrogel coating.

Polyester hydrogel/ PPy
blend

• ••-.
i '•»"<V—i
200
250
300
350

Polyester hydrogel

S
/

1
400

1—
450

I

500

550

,i

I

l

600

650

700

Extension (mm)

Figure 6.19. The adhesion of the polyester hydrogel and PPy blends cast
on stainless steel.

The force vs extension curves of the soluble hydrogel and PPy blends
were obtained in Figure 6.20. As expected, the adhesion of the soluble
hydrogel and PPy blend cast on stainless steel showed poor relative to
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other hydrogels and PPy blends. This indicates that the soluble hydrogel
was not an optimum coating materials for corrosion protection.

200 -- Soluble hydrogel/PPy blend
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o
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Figure 6.20. The variation of break point of soluble hydrogel and the
PPy blend cast on stainless steel.

The variation of adhesive force of hydrogel and the PPy blends cast on
stainless steel wire was depicted in Figure 6.21. It indicates that PAAm
hydrogel, polyester hydrogel and the PPy blend may be used as coating
materials for corrosion protection since they had very strong adhesion on
the two metals substrates
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Figure 6.21. Force variation between stainless steel and hydrogel and
hydrogel/PPy blends. (PAAm : poly (acrylamide) hydrogel, SHG :
soluble hydrogel, PHG : polyester hydrogel, PPy : polypyrrole, SS:
stainless steel).

Table 6.2 summarised the adhesion required to break the hydrogel and
the corresponding PPy blends cast on different metal substrates.

Table 6.2 Adhesion of various test samples on different metals
No.

Samples

Force (N) on AI

Force (N) on SS

1

Bare metals

700

980

2

P A A m hydrogel

730

830

3

P A A m hydrogel/PPy

690

815

4

Polyester hydrogel(PHG)

720

930

5

PHG/PPy

680

835

6

Soluble hydrogel (SHG)

180

170

7

SHG/PPy

160

125

202

CHAPTER 6

6.4 CONCLUSION
PPy/hydrogel blends used as coating materials for corrosion protection
of aluminium have been investigated by potentiodynamic polarisation
method. The adhesion of these coatings to aluminium and stainless steel
has also been assessed.

Evans Diagrams showed that the poly(acrylamide) hydrogel/PPy blend
has slightly improved corrosion resistance on aluminium. The corrosion
current for PAAm/PPy(N03") coated aluminium was 10 times less than
the PAAm coated Al. The reduction in corrosion rate for
PAAm/PPy(N03") coated Al was attributed to passivation of the metal.
The use of PAAm/PPy(Cl") coatings were not successful, presumably
due to the CI" ions destroying the passive layer.

It was also found that polyester hydrogel and soluble hydrogel were not
suitable materials for anodic corrosion protection of aluminium as there
was no significant change in Ecorr and z'corr values relative to bare metals
substrate. It was thought that the higher PPy content in these blends
caused the breakdown of passive layer and, consequently, a higher
corrosion rate.
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Evans diagrams showed that the hydrogel and PPy/hydrogel blend
coating has very little effect on the corrosion rate of Al. Coatings
containing a small pin-hole (10 mm2) has the same corrosion current as
uncoated Al (400 mm2). This result suggests that the corrosion rate is
accelerated by the formation of the pin-hole, perhaps due to local
differences in pH. However, the corrosion current was reduced upon the
inclusion of PPy into the hydrogel

Figure 22 provides an explanation for corrosion acceleration by PPy
using the mixed potential theory242. The equilibrium half cell potentials
for the 3 reactions occurring have been taken as :

1) Al *=, Al3+ + 3e" E0 =-2.0 V (from Pourbax diagram at pH =7)243
2) ppy° <-* PPyx+.xA" + Xe" E0 = 0 V (See Figure 22)
3) 40H" ^ 02 + 2H20 + 4e" E0 = +0.82 V (at pH = 7)242

Assuming Tafel slopes244 of ±0.12 V and ignoring diffusion limiting
effects, a schematic polarisation diagram can be constructed as shown in
Figure 6.9. The case for PAAm hydrogel coated Al is given by icon, Ecorrl

corresponding to half-cell reaction 1 and 3, only. When PPy is present an

extra reduction reaction can occur according to half-cell reaction 2. The
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higher rate of reduction causes an increase in metal oxidation to /corr,2.

This set of reaction also produces an anodic shift in the Ecorr, as shown i
Figure 6.8.

PPy 0 — > PPy +

Al — > Al $+ + 36"
' Total Oxidation

1 0-

Eoorr.2
Eoof r, 1

-1
*+^ Total Reduction
02 + 2H20 + 4e~ — > 40H"

-2

PPy + — > PPy 0
J0O4T.2

>

log 1
Figure 6.22. A schematic polarisation diagram of corrosion
acceleration by PPy on aluminium.

Poly(acrylamide) hydrogel was strongly adhesive to aluminium and
stainless steel. The difference between the two test samples was minor.
However, when PPy was incorporated into the network the adhesion
force for debonding decreased.

Polyester hydrogel showed the strongest adhesion for both metals and
similar trends even w h e n PPy was incorporated.
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It was found that soluble hydrogel was not a suitable coating material fo
corrosion protection as the adhesion force for debonding was low.
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CHAPTER 7
GENERAL CONCLUSIONS
The development of a new technology to synthesis
hydrogel/polypyrrole blends with high performances was the main
objective of the current studies. Several attempts using conventional
technologies were tried to obtain polypyrrole composites with better
quality and processability. In this thesis a number of methods were
proposed to prepare polypyrrole blends which can improve the
mechanical properties of polypyrrole since the conjugated polymer can
adsorb onto the crosslinked hydrogel network, the formation of
conducting paths can be assembled onto the pre-existing network.

In this work it has been found that poly(acrylamide) hydrogel/PPy
blends can be prepared by a simple electrochemical process. The
resultant poly(acrylamide) hydrogel/PPy blends were redox active,
conductive and high water content (more than 90%). Ion movement
throughout the blends was dependent on conducting polymer content in
the hydrogel network and dopants size. It was found that the existence
of polypyrrole in the blend did not crucially affect the physical
properties of hydrogel. Consequently, poly(acrylamide) hydrogel
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provides a good environment to electrochemically grow conducting
polymer within the three dimensional network.

New polyelectrolytes (PEs) (Poly (NiPAAM-co-AMPS) and Poly (AAcco-AAm-co-AMPS)) were successfully synthesised by radical
polymerisation. PNiPAAm/PAMPS copolymer as dopant was
incorporated successfully into polypyrrole by electrochemical methods.
Polypyrrole doped with this copolymer has typical redox properties of
polypyrrole. This conducting polymer provided unique physical
properties such as high water content and LCST properties at around
35°C. It was found that the electrochemical and physical properties were
significantly affected by pAMPS content of the polyelectrolyte.

Polypyrrole doped with poly(AAc-AAm-AMPS) had well defined redox
properties and better adhesion to the metal substrate. The physical
properties such as conductivity, equilibrium water content, and swelling
behaviour of the polypyrrole had also pAMPS content dependency.

PAAm hydrogel and polypyrrole colloid blends were successfully
prepared by simple blending techniques. Gelation of pAAm was
affected greatly by PPy content. PAAm/PPy colloid blend was
electroactive at 0.6 % (w/v) PPy concentration. It was found that the
208

blend had insignificant effect on physical properties such as water
content and swelling behaviour.

Polyester hydrogel was successfully synthesised by heat treatment and
used for formulating polyester hydrogel/PPy blends. An increased
polypyrrole content resulted in the production of a blend with better
electroactivity and conductivity. This blend showed typical physical
properties of hydrogel. However, the existence of PPy reduced the water
content and de/rehydration rate.

Soluble hydrogel and polypyrrole blends were successfully prepared
with better mechanical properties. The blends were electroactive and
their conductivities increased with increasing PPy colloid content.
However, an increased PPy content resulted in decreased water content
and degree of dehydration and rehydration.

PAAm hydrogel and PPy colloid blend was formed successfully on the
surface of metals by electrochemical technique. It was found that the
blend had electroactive properties and improved mechanical properties
compared to ordinary PPy film. The physical properties were also
affected by the PPy colloid content.
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It was concluded that PAAm hydrogel and PPy colloid blends can be
useful as coating materials for corrosion protection of aluminium.
However, the blends of the polyester hydrogel and soluble hydrogel
with PPy showed an insignificant effect on corrosion protection of
aluminum.

In this thesis, although all the technologies produced new hydrogel/PPy
blends with improved processability, further studies are required for
successful industrial applications. These studies include:
i) Synthesis of new types of hydrogel (e.g. : charged hydrogel, hydrogel
with homogeneous structure) for electrosynthesis of blends with PPy
ii) Synthesis of multifunctional polyelectrolytes with specific chemical
structure to be used as dopants for PPy
iii) Development of characterisation techniques to observe chemical and
physical phenomena within these hydrogel/PPy blends.
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